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Impactos sociais

A lesdo nervosa € uma condicdo devastadora que afeta a qualidade de vida dos
pacientes, limitando a mobilidade e a autonomia (ODS 3: Saude e Bem-estar). O
biopolimero heterélogo de fibrina associado ao reparo representa um avanco na
medicina regenerativa ao criar um ambiente mais favoravel a regeneracéo, mitigando
a degeneracao e a atrofia muscular. Isso pode levar a uma melhora significativa nas

capacidades motoras dos pacientes.

Social impacts

Nerve injury is a devastating condition that affects patients’ quality of life, limiting
mobility and autonomy (SDG 3: Good Health and Well-being). The heterologous fibrin
biopolymer associated with repair represents an advance in regenerative medicine by
creating a more favorable environment for regeneration, mitigating degeneration and

muscle atrophy. This can lead to a significant improvement in patients’ motor abilities.
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RESUMO

Lesdes nervosas representam desafios significativos para a clinica médica devido a sua
ocorréncia frequente e impacto substancial na qualidade de vida. A seccdo completa do nervo
resulta no bloqueio da conducao nervosa, levando a mudancgas no sistema nervoso a medida
gue uma série de respostas patofisiolégicas e metabdlicas ocorrem para estabilizar e reparar
os tecidos lesionados. O primeiro grande desafio € manter os neurdnios lesionados vivos e
posteriormente gerenciar o crescimento dos axénios. Outra preocupacdo critica surge da
interrupcdo das conexdes nervo-muasculo e degeneracdo das juncbes neuromusculares
(JNMs), levando a atrofia e perda substancial da funcdo muscular. A técnica padrao ouro,
neurorrafia, € insuficiente para alcancar uma recuperacdo motora significativa e, portanto,
novas técnicas estdo sendo estudadas. Um candidato adjunto promissor € o biopolimero de
fibrina heterdlogo (BHF), que é livre de componentes humanos e vém exibindo potencial
notavel para regeneracao de lesdes periféricas e da medula espinhal. No entanto, perguntas
sobre seus efeitos regenerativos tardios para a interagdo nervo-musculo e na medula espinhal
apés lesdo nervosa permanecem inexploradas. Portanto, investigamos os efeitos da
reconstrucdo nervosa via neurorrafia associada ao BHF 120 dias apés a lesé@o e reparo do
nervo isquiatico em ratos Wistar, abordando aspectos do sistema nervoso periférico - nervo,
JNM e musculo associado - e do sistema nervoso central - neurbnios motores inferiores e
microglia da medula espinhal. Para isso, quarenta e quatro ratos Wistar machos adultos foram
distribuidos aleatoriamente em quatro grupos experimentais: Controle (C), em que 0 nervo
isquiatico direito foi visualizado; Denervado (D), em que a neurotmese foi realizada com
remocao de um fragmento de 6 mm do nervo isquiatico; Neurorrafia (N), em que apés
neurotmese os cotos do nervo isquiatico foram reconectados por neurorrafia; e Neurorrafia +
BHF (NB), no qual o BHF foi adicionado ap6s a mesma neurorrafia. Aos 105 dias pds-lesao,
o neurotracador Fluorogold (FG) foi aplicado no muasculo tibial cranial direito para marcacgéo
retrégrada dos neurdnios motores na coluna anterior da por¢do lombar (L2-L5) da medula
espinhal. Aos 120 dias, foi realizado coleta a fresco ou perfusdo transcardiaca para obtencéo
das medulas espinhais, dos nervos isquiaticos e fibulares e dos musculos tibiais craniais. Em
relacdo ao eixo nervo-musculo, para o nervo fibular, foi observado aumento no nimero de
axonios intactos no grupo NB, resultando em aumento na frequéncia de ax6nios, referentes a
razdo G/didmetro do axbnio. Com relagdo as JNMs, o grupo NB apresentou aproximacao
morfoldgica ao grupo C, e também aumento na expressao da subunidade alfa-1 do nAChR e
da proteina Rapsina. Tomados em conjunto, esses resultados contribuiram para a
recuperacao muscular, em que os grupos NB e C exibiram resultados morfométricos de fibras
musculares saudaveis. Em relacdo a medula espinal, ultraestruturalmente, os grupos NB e N
apresentaram neurdnios com sinais de preservacdo de suas organelas, embora alguns
indicadores de lesdo também tenham sido observados. A reinervacgéo e o fluxo de FG do
musculo para a medula espinhal foi observada nos grupos C, N e NB, onde no grupo NB foi
observado maior numero de neurdnios marcados quando comparado ao grupo N. Destaca-se
ainda que no grupo NB houve menor dispersdo dos neurdnios motores estando mais proximo
ao grupo C. O mesmo ocorreu em relagdo as células da microglia e a topografia do nervo
isquiatico. Os resultados observados neste estudo indicam que o BHF promoveu maior
sobrevivéncia dos neurdnios motores e consequentemente melhor reinervacéo, levando a um
aumento no numero de axénios regenerados e retorno morfolégico da JNMs, desse modo,
prevenindo a degeneracdo muscular. Esses resultados destacam os efeitos benéficos do BHF
no reparo do nervo, superando aqueles alcancados apenas pela neurorrafia. Como um todo,
destacamos os efeitos benéficos tardios do BHF na reparacdo da lesdo e asseguram seu
potencial para superar os efeitos de regeneracdo alcancados pela neurorrafia sozinha,
endossando o BHF como um bioproduto promissor para ensaios clinicos.
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ABSTRACT

Nerve injuries represent significant challenges for medical practice due to their frequent
occurrence and substantial impact on quality of life. Complete nerve transection results in the
blockade of nerve conduction, leading to changes in the nervous system as a series of
pathophysiological and metabolic responses occur to stabilize and repair the injured tissues.
The first major challenge is to keep the injured neurons alive and subsequently manage axonal
growth. Another critical concern arises from the disruption of nerve-muscle connections and
degeneration of neuromuscular junctions (NMJs), leading to atrophy and substantial loss of
muscle function. The gold standard technique, neurorrhaphy, is insufficient to achieve
significant motor recovery, and therefore, new techniques are being studied. A promising
adjunct candidate is the heterologous fibrin biopolymer (HFB), which is free of human
components and has shown remarkable potential for the regeneration of peripheral and spinal
cord injuries. However, gquestions about its late regenerative effects on nerve-muscle
interaction and the spinal cord after nerve injury remain unexplored. Therefore, we investigated
the effects of nerve reconstruction via neurorrhaphy associated with HFB 120 days after injury
and repair of the sciatic nerve in Wistar rats, addressing aspects of the peripheral nervous
system - nerve, NMJ, and associated muscle - and the central nervous system - lower motor
neurons and spinal cord microglia. For this, forty-four adult male Wistar rats were randomly
distributed into four experimental groups: Control ©, where the right sciatic nerve was
visualized; Denervated (D), where neurotmesis was performed with removal of a 6 mm
fragment of the sciatic nerve; Neurorrhaphy (N), where after neurotmesis the stumps of the
sciatic nerve were reconnected by neurorrhaphy; and Neurorrhaphy + HFB (NB), where HFB
was added after the same neurorrhaphy. At 105 days post-injury, the neurotracer Fluorogold
(FG) was applied to the right cranial tibial muscle for retrograde labeling of motor neurons in
the anterior column of the lumbar portion (L2-L5) of the spinal cord. At 120 days, fresh
collection or transcardiac perfusion was performed to obtain the spinal cords, sciatic and fibular
nerves, and cranial tibial muscles. Regarding the nerve-muscle axis, for the fibular nerve, an
increase in the number of intact axons was observed in the NB group, resulting in an increase
in axon frequency, referring to the G-ratio/axon diameter. Regarding the NMJs, the NB group
showed morphological approximation to the C group, and also an increase in the expression
of the alpha-1 subunit of the nAChR and the protein Rapsyn. Taken together, these results
contributed to muscle recovery, where the NB and C groups exhibited morphometric results of
healthy muscle fibers. Regarding the spinal cord, ultrastructurally, the NB and N groups
presented neurons with signs of preservation of their organelles, although some injury
indicators were also observed. Reinnervation and FG flow from the muscle to the spinal cord
were observed in the C, N, and NB groups, where the NB group showed a higher number of
labeled neurons compared to the N group. It is also noteworthy that in the NB group there was
less dispersion of motor neurons, being closer to the C group. The same occurred in relation
to microglial cells and the topography of the sciatic nerve. The results observed in this study
indicate that HFB promoted greater survival of motor neurons and consequently better
reinnervation, leading to an increase in the number of regenerated axons and morphological
return of the NMJs, thus preventing muscle degeneration. These results highlight the beneficial
effects of BHF on nerve repair, surpassing those achieved by neurorrhaphy alone. Overall, we
emphasize the late beneficial effects of BHF in injury repair and affirm its potential to exceed
the regenerative effects achieved by neurorrhaphy alone, endorsing BHF as a promising
bioproduct for clinical trials.
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1. Introducéo
1.1. Estrutura e fungéo do sistema nervoso

Os nervos periféricos sao estruturas frageis e delicadas, propensos a serem
facilmente danificados por lesGes como compressdes, esmagamentos e traumas (1).
As lesBes nervosas constituem um caso clinico comum, com alta prevaléncia e
incidéncia mundial, afetando cerca de 18 individuos por 100.000 a cada ano (2),
superando, por exemplo, a incidéncia de canceres de ovario e estbmago (3). Embora
essas lesbes estejam frequentemente associadas a traumas como acidentes de
veiculos ou com armas perfurocortantes, também é grande o numero de lesdes
iatrogénicas, isto &, erro médico, durante cirurgias emergenciais ou eletivas (4).
Estudos epidemioldgicos realizados ao redor do mundo (3-6) apontam uma maior
propensdo de jovens do sexo masculino, sendo as lesbes de nervos no carpo ou
membros inferiores as mais prevalentes, seguidas por lesdes no brago. Muitos
individuos acometidos por lesGes nervosas, tanto em casos graves quanto
moderados, apresentam recuperacdo incompleta, resultando em perdas transitorias
ou permanentes das funcdes motoras e sensoriais, além de apresentarem dor crénica,
atrofia muscular e fragueza. Aproximadamente um terco de todas as lesGes nervosas

demonstram recuperacao incompleta com ma restauracéo da funcéo (7).

Os nervos séo estruturas formadas por feixes de fibras nervosas que fazem
parte do sistema nervoso periférico e podem ser classificados de acordo com sua
origem em cranianos ou espinais. Os nervos espinhais sdo aqueles conectados a
medula espinal, tendo sua origem real no ganglio da raiz dorsal e na coluna anterior
de substancia cinzenta da medula espinal. Os nervos consistem em feixes de axénios,
gue sao prolongamentos longos e delgados de neurbnios que alcangam uma estrutura
alvo, que determina o tipo de inervacdo como sensitiva ou motora. OS nervos
sensitivos sdo formados por fibras aferentes, responsaveis por levar informacdes do
meio ambiente e do interior do corpo para os centros nervosos. Os nervos motores
apresentam fibras eferentes, que conduzem informacdes dos centros nervosos para
0s orgaos efetores. J& 0s nervos mistos, sendo estes a grande maioria dos nervos
presentes no corpo humano, ja que todo nervo espinal é misto, possuem tanto fibras
eferentes quanto aferentes. Assim, estabelece-se uma via de comunicagdo mutua
entre o sistema nervoso central e as areas periféricas do corpo (1), como por exemplo

Nno nervo isquiatico, 0 maior nervo do corpo, que tem origem na porcédo lombar da
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medula espinal e se ramifica nos nervos tibial, fibular e sural, sendo responsavel pela

maior parte da inervacao sensitiva e motora do membro pélvico.

A conexdo entre 0 neurdnio motor e as fibras musculares, se da através dos
axbnios. O conjunto de axoénios formam o nervo. Cada nervo € composto por uma
camada externa de tecido conjuntivo denso, conhecida como epineuro, que reveste o
nervo e preenche os espacos entre os feixes de fibras nervosas, proporcionando
resisténcia e rigidez a estrutura. Cada feixe contém varios fasciculos nervosos e é
revestido por uma bainha externa de tecido conjuntivo e uma camada interna de
células achatadas e justapostas, o perineuro. As células da bainha perineural se unem
por meio de juncdes oclusivas, formando uma barreira & passagem de muitas
macromoléculas, o que representa um importante mecanismo de defesa contra
agentes agressivos. Essas células sdo permeadas por pequenos vasos sanguineos,
conhecidos como vasa nervorum, que irrigam o interior do tecido nervoso. Dentro de
cada fasciculo, encontram-se axénios, cada um envolvido pela bainha de células de
Schwann (bainha de mielina), com sua lamina basal e um envoltorio conjuntivo
composto principalmente por fibras reticulares sintetizadas pelas células de Schwann,

chamado endoneuro (8-10).

Os neurdnios motores somaticos sdo células nervosas especializadas, com
arborizacdo dendritica altamente desenvolvida, que conduzem impulsos nervosos
para fora do sistema nervoso central, com a principal funcédo de controlar os 6rgaos
efetores, entre eles os musculos estriados esqueléticos. O neurdnio, € composto por

trés partes: soma, o corpo celular; projecdes a partir do soma, axdnios e dendritos.

Os neurbnios motores sdo multipolares, ou seja, possuem um unico axénio e
multiplos dendritos. Seu corpo celular esté localizado na coluna anterior da substancia
cinzenta da medula espinal, principalmente na lamina 9 de Rexed, podendo ser
classificados em neurénios motores alfa, beta e gama. No caso dos neurbnios motores
alfa, seus axbnios se estendem por todo o corpo através de nervos periféricos até
atingirem os o6rgdos-alvo (11, 12), o musculo estriado esquelético, onde forma uma
regido morfologica, molecular e funcionalmente especializada chamada juncéo
neuromuscular (JNM) (Figura 1). Um neurénio motor e as fibras musculares por ele

inervadas constituem uma unidade motora.
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Na JNM, ocorre a transducédo de um sinal elétrico (impulso nervoso) para um
sinal fisico-quimico (neurotransmissores) do neurdnio motor para a fibra muscular,
promovendo a contracdo muscular. Esta juncdo apresenta uma subclasse importante
de sinapse no sistema nervoso de mamiferos, critica para realizagdo de um

movimento coordenado (11).

Medula Espinal ====s=sssr

....... Musculo Estriado
Esquelético

=======Junc¢do Neuromuscular (JNM)

Neurdnio Motor (NM) ===+

Figura 1. Esquema ilustrativo da unidade motora, sendo exemplificado estruturas relevantes para a
realizacéo de um movimento, desde o neurdnio motor situado na coluna anterior da medula espinal até

a jungdo neuromuscular no musculo estriado esquelético (8).

Além dos neurdnios, o meio celular da medula espinhal também contém outra
classe importante de células conhecidas como glia (13). Essas células gliais podem
ser categorizadas em microglias e macroglias, e ambas desempenham um papel
central no sistema nervoso, proporcionando um ambiente otimizado para o

desenvolvimento saudavel e a fung&o neuronal (13, 14).

As macroéglias compreendem astrécitos e oligodendrdcitos no SNC, e células
de Schwann no SNP (13). Os astrdcitos sédo células heterogéneas que desempenham
um papel critico na otimizagcdo do ambiente extracelular para a funcéo neuronal (15,
16). Suas fungdes incluem regular os niveis de neurotransmissores e ions, para
garantir um meio ideal para a sinalizagdo neuronal. Além disso, 0s astrocitos
contribuem para mudangas coordenadas no didmetro dos vasos sanguineos do SNC

e no fluxo sanguineo. Eles expressam altos niveis de transportadores para
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neurotransmissores (como glutamato, GABA e glicina), removendo essas moléculas
da fenda sinaptica. Os astrocitos também sédo fundamentais para a formacédo da
barreira hematoencefélica (BBB), que controla seletivamente a entrada de certas
moléculas no parénquima cerebral com base na polaridade e no tamanho (13, 14, 17).

Em tecido saudavel, os astrécitos exibem elevacdes transitérias de calcio
intracelular, representando uma forma de excitabilidade. Essas flutuacdes de célcio
estdo envolvidas em fun¢des astrociticas dindmicas criticas, incluindo intera¢cdes com
sinapses e regulacdo do fluxo sanguineo. Além disso, os astricitos respondem a
todas as formas de injuria ao SNC através de um processo denominado astrogliosis
reativa, que se tornou uma caracteristica patolégica de lesdes estruturais no SNC (15,
16) na qual a dindmica do Ca2+ dos astrocitos e as respostas da rede tornam-se
aberrantes, alterando assim as fun¢des sinapticas e o comportamento, resultando na

perda de suporte trofico ou antioxidante dos astrocitos (18).

Por outro lado, como células inflamatérias residentes no sistema nervoso
central, as micréglias exibem um fenoétipo de vigilancia, no qual detectam diversos
sinais extracelulares, e também os integram e respondem a eles para manter a
homeostase do SNC (13, 14, 19). As micréglias residentes também desempenham
um papel central na regulagédo da homeostase vascular e na angiogénese, sugerindo
gue podem representar uma fonte alternativa de fatores de crescimento pro-
angiogénicos e citocinas (20). Em condi¢des normais, elas fornecem efeitos protetores
e moduladores liberando fatores tréficos de sobrevivéncia e removendo células mortas
e removendo sinapses em excesso. No entanto, quando ativadas em condicdes
patoldgicas, elas sofrem mudancas morfolégicas e funcionais complexas, tendo um
papel central na lesdo do SNC e na progressdo da doenca ao liberar mediadores
inflamatdrios e citotoxicos (14). Em condi¢Bes ndo inflamatorias, as microglias tém
uma morfologia altamente ramificada com longos ramos sinuosos que surgem de um
pequeno corpo celular. Apds a deteccdo de um estimulo patolégico, as micréglias
mudam rapidamente sua morfologia encurtando seus processos e aumentando seu
corpo celular (21, 22). Essa mudanca morfologica ocorre continuamente e o grau de
desramificacdo esta relacionado a gravidade do estimulo patologico (22). Assim, a
interacdo entre motoneurdnios e 0 microambiente circundante desempenha um papel

critico em sua sobrevivéncia, regulacéo do estado funcional e conectividade sinaptica.
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1.2. Jungdo Neuromuscular

As IJNMs séo estruturas pequenas (30-60 pum) quando comparadas ao
comprimento das fibras musculares inervadas, e a maior parte das fibras musculares
esqueléticas sdo recrutadas por uma unica JNM (Figura 2-A)(23). A morfologia
classica da JNM, descrita inicialmente em roedores, é caracterizada por uma estrutura
em forma de “pretzel”’, e mudangas nessa estrutura estdo intimamente associadas a
patologias motoras (24). Morfologicamente as JNMs sdo compostas por trés
compartimentos celulares intimamente associados (25), sendo eles o terminal nervoso

(ou membrana pré-sinaptica), a fenda sinaptica e a membrana pés-sinaptica.

-~ motor neuron

myelin

Membrana
Pré-sinaptica

Pos-sinaptica

Figura 2: Organiza¢do da jungdo neuromuscular. A: Neurdnios motores, cujos corpos celulares e
dendritos estéo localizados na medula espinhal, enviam seus axénios para a periferia e formam juncdes

neuromusculares para inervar fibras musculares esqueléticas. B: Alta ampliacdo da juncéo
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neuromuscular. C: Vista de montagem completa da faixa sinaptica de um séleo de rato, fotomicrografia
cedida pela autora Selma Matheus. Ax6nios motores sé@o rotulados com anticorpos para a proteina
NF200 (Neurofilamento-200; verde), nucleos inespecificos sdo vistos em azul pela marcagdo com

DAPI, e nAChRs pos-sinapticos séo visualizados por a-BTX (vermelho). Imagem adaptada de (24).

Na membrana pré-sinaptica (Figura 2-B), os ramos terminais dos axénios dos
neurdénios motores inferiores formam botdes sindpticos que, no caso de mamiferos,
abrigam vesiculas sinapticas contendo o neurotransmissor acetilcolina (ACh). Este
terminal nervoso possui varios componentes celulares, incluindo mitocondrias,
reticulo endoplasmatico, endossomos de reciclagem, substancias organicas e ions
metélicos (26, 27). Uma grande quantidade de vesiculas sinpticas e células de
Schwann terminais ou peri-sinapticas (tSCs) também sdo encontradas nesta regiao
(28-30); elas sao células gliais ndo mielinizantes cujas extensées cobrem os terminais
nervosos, protegendo-os de lesdes quimicas e mecanicas (31). Além disso, as tSCs
sdo as principais responsaveis pela plasticidade estrutural das JNMs, detectando
possiveis alteracdes na transmissdo sinaptica (32, 33). Uma a trés tSCs cercam o
terminal nervoso e participam ativamente do desenvolvimento, manutencao e reparo
da funcado sinaptica (23). Quando o potencial de acdo do nervo motor chega ao
terminal do neur6nio pré-sinaptico, ele abre canais de célcio que dependem da
voltagem. Isso permite que ions de Ca?* entrem no citosol do neurdnio pré-sinaptico
a partir do fluido extracelular. Esse aumento de Ca?* provoca a fusdo de varias
centenas de vesiculas cheias de neurotransmissores com a membrana celular do
neurdnio pré-sinaptico, utilizando proteinas SNARE, liberando assim a ACh por meio
da exocitose para a fenda sinaptica.

A fenda sindptica separa o terminal nervoso pré-sinaptico da membrana pés-
sindptica, constituindo um estreito espaco de 50 a 80 nm de largura (Figura 2-B). Ela
€ preenchida com a lamina basal sinaptica, composta por moléculas secretadas tanto
pelo terminal nervoso quanto pela fibra muscular associada (34). Esta regidao abriga
proteinas cruciais para a estabilidade, funcdo e manutencdo da JNM, incluindo
aguelas responsaveis pelo agrupamento de receptores nicotinicos de acetilcolina
(nAChRs) no sarcolema, como agrina, lamininas-4, 9 e 11, metaloproteinase de matriz
3 (MMP3) e colageno IV. A acetilcolinesterase (AChE), essencial para degradar a ACh

apos a contracdo muscular, também esta concentrada aqui (35, 36).
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A membrana poés-sinaptica (Figura 2-B) compreende a membrana plasmatica
da fibra muscular, sendo constituida por pregas e o sarcoplasma da fibra muscular
(citoplasma) (29, 30). Essas pregas exibem duas regides distintas: o 4pice, que
contém os nAChRs e proteinas adicionais como rapsina, utrofina e a-distrobrevina-1;
e o fundo, que abriga a-distrobrevina-2, distrofina e moléculas de adesdo neurais.
Além disso, canais de sodio dependentes de voltagem, responsaveis pela geracéo de
potenciais de acdo, também estdo presentes nesse local (24, 37, 38). As dobras do
sarcolema amplificam a &area de superficie da membrana pds-sinéptica e facilitam a
justaposicdo dos nAChRs com as areas pré-sinapticas, enquanto os canais de sédio
se estendem dentro do sarcoplasma. A lamina basal, que envolve componentes da
matriz extracelular, envolve firmemente as fibras musculares, conectando-se com a

lamina basal da fenda sinaptica produzida pelas tSCs na periferia da JNM (24).

Na JNM, os nAChRs (Figura 2-C) sdo os principais responsaveis pela
comunicacdo motora neuromuscular (39), facilitando a transmissdo sinaptica.
Estruturalmente, eles sdo compostos por cinco subunidades dispostas em um padrao
de roseta, formando canais ibnicos (40). Esses receptores existem em duas formas:
extrajuncionais imaturos, presentes em fibras musculares embrionarias e
desnervadas, sendo compostos pelas subunidades duas alfas [a], beta [B], delta [0] e
gama [y]; e as formas juncionais maduras, onde as subunidades a [2], B e d s&o

mantidas, e a subunidade y é substituida pela epsilon [€] (27).

A ativacao dos nAChRs ¢ iniciada pela ligacdo simultdnea de duas moléculas
de ACh as subunidades ad e ag, induzindo uma alteragdo conformacional que abre o
poro idénico e ativa o receptor (41, 42). A duracdo desse estado ativo € modulada pela
interacdo entre o receptor e as moléculas de ACh, que sao rapidamente degradadas
pela acetilcolinesterase (AChE), retornando os nAChRs a sua configuracéo inativa
(42). Em casos de lesdo ou patologia, os nAChRs frequentemente retornam a um
padrao embrionario, apresentando a subunidade y em vez de € (43). Essa troca de
subunidades contribui para varias mudancas nas propriedades de estabilidade,
cinética e transmissédo (11). Existem sinais positivos e negativos envolvidos na
manutencdo da JNM e nos agrupamentos de nAChRs (23). O principal sinal positivo
é a ligacdo que ocorre na via Agrina/LRP4/Musk/Rapsina (44), que esta diretamente

relacionada com a formacéo, agregacao e manutencéo funcional dos nAChRs.
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A Agrina, uma glicoproteina liberada pelos axdnios motores, se liga ao receptor
LRP4 na membrana muscular. Esta ligacdo ativa a quinase especifica do musculo
(MuSK), que inicia uma cascata de sinalizacdo intracelular. A ativacdo de MuSK
resulta na fosforilacdo de vérias proteinas, promovendo o agrupamento dos nAChRs
na membrana pés-sinaptica. A Rapsina, uma proteina associada aos nAChRs, é
fundamental para ancorar e estabilizar esses receptores ha membrana, garantindo a

formacao de sinapses funcionais (23, 29, 45).

A importancia desta via € evidenciada por estudos que mostram que mutacoes
ou disfuncdes em qualguer um dos componentes levam a falhas na formacéo das
JNMs, resultando em doengas neuromusculares como a miastenia gravis (23, 24).
Além disso, a via Agrina/LRP4/MuSK/Rapsina é essencial ndo apenas para a
formacdo inicial das JNMs, mas também para sua manutencéo e reparo ao longo da
vida, adaptando-se a mudancas e lesdes, configurando uma estrutura extremamente

plastica e adaptativa (31, 46).

1.3. Lesbes nervosas

As lesbBes nervosas sdo categorizadas em varios graus, baseados na
severidade da lesdo do tecido nervoso (1). Essas categorizagbes auxiliam
profissionais da saude e pesquisadores a entenderem melhor a fisiopatologia das
lesBes nervosas e a estabelecerem o tratamento mais adequado. Isso ocorre porque
essas classificacdes possibilitam uma correlacdo entre as mudancas microscopicas

observadas no nervo e os sintomas apresentados pelo paciente.

A primeira classificacdo classica foi proposta por Sir Herbert Seddon, que
estabeleceu uma classificacao para as lesdes em trés niveis (47). Essa classificacédo
foi baseada na existéncia de desmielinizacdo e no grau de dano aos axdnios e aos
envoltorios conjuntivos do nervo. Em seguida, Sir Sydney Sunderland expandiu a
classificagdo de Seddon, adicionando uma subdivisdo, que foi baseada na
descontinuidade das diversas camadas dos envoltérios conjuntivos no nervo (48)
(Figura 3).
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Perineuro Bainha de Mielina
Ebineuro Endoneuro Axoénio
Neuropraxia
Axonotmese
Neurotmese

Figura 3. Classificac@o das les6es nervosas proposta por Sunderland. Adaptado de (49).

A classificacdo de Seddon categoriza as lesdGes nervosas em trés graus
distintos: neuropraxia (Figura 3-1), axonotmese (Figura 3-2) e neurotmese (Figura 3-
5). A neuropraxia € considerada a forma mais branda, caracterizada pela perda da
bainha de mielina, mas sem danos ou ruptura do tecido nervoso, de maneira que nao
h& descontinuidade axonal, resultando apenas em uma interrup¢do temporaria da
transmissdo do impulso nervoso (47). Neste caso, h4 uma perda funcional transitéria
e gue normalmente apresenta recuperacao rapida e completa sem necessidade de

intervencao (1).

Ja a axonotmese é considerada um tipo intermediario de lesdo. Nela o tecido
nervoso é danificado, embora haja preservagdo parcial dos envoltorios conectivos
(epineuro, perineuro e endoneuro) que protegem o nervo e ndo ha ruptura da
continuidade axonal (47). Nestes casos a recuperacdo funcional depende do
crescimento axonal, e ocorre mais comumente associada as lesdes por esmagamento
e fraturas Osseas. Dado que os envoltorios de tecido conjuntivo permanecem
preservados, a perspectiva de recuperagao € positiva, no entanto, a recuperacao total

€ menos provavel do que na neuropraxia (1).
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O terceiro grau, ou neurotmese, € a forma mais grave, em que ocorre um dano
generalizado com transec¢do completa de todas as camadas nervosas, dessa forma
afetando a bainha de mielina, os envoltérios conectivos e os axénios (47). Neste Ultimo
caso, uma intervencdo cirlrgica € necessaria para possibilitar regeneracdo e

recuperacdo motora apoés a lesao (1).

Em seguida, a classificagcdo proposta por Sunderland (48) expandiu a
classificagdo de proposta por Seddon, a fim de distinguir a dimensdo do dano nos
envoltorios conjuntivos, ressaltando principalmente os diferentes graus possiveis em
casos de axonotmese, assim descrevendo cinco possiveis estagios para a lesao
nervosa (1). O primeiro estagio corresponde a neuropraxia de Seddon (Figura 3-1).
Os estégios 2, 3 e 4 podem ser comparados a axonotmese, com variagdes no grau
de lesdo (Figura 3-2 a 4). No estagio 2, a lesdo ocorre a nivel de bainha de mielina e
axbnios, mas sem descontinuidade dos envoltérios conjuntivos, de maneira que ha
desnervacédo dos érgaos-alvo e distlrbio das fun¢cbes sensoriais e motoras, mas sem
necessidade de qualquer intervencao cirtrgica. A recuperacao funcional acontece de
maneira espontanea, embora possa levar de semanas a meses, dado que a
regeneracao axonal € essencial. No estagio 3, a lesdo se estende a bainha, aos
axbnios e ao endoneuro, de maneira que a recuperacao autbnoma se torna mais
desafiadora. No estagio 4, a lesdo também atinge o perineuro, de maneira que ha
continuidade apenas do epineuro, configurando um dano bastante severo,
comumente ocasionado por esmagamentos. O estagio 5, 0 mais grave, € equivalente
a neurotmese de Seddon (Figura 3-5), em que ha uma ruptura de todas as camadas
nervosas (48).

Na transeccdo completa do nervo, ou neurotmese, todas as estruturas do
aparato neuromuscular sao prejudicadas, desde as JNMs e as fibras musculares até
o corpo celular do neurénio motor na medula espinal, devido ao bloqueio da conducgéo
nervosa. Ao contrario do sistema nervoso central, o sistema nervoso periférico
apresenta capacidade de regeneracdo e reinervacdo, sendo que 0s axonios
lesionados se regeneram lentamente a uma taxa de 1 a 4 mm/dia (50). No entanto,
diversos fatores dificultam essa regeneragéao apos a leséo, incluindo a severidade, o
mecanismo de lesdo, a grande distancia entre o corpo celular do neurdnio e o tecido
alvo e a perda do suporte das células de Schwann, de modo que a recuperagao

funcional total normalmente ndo é alcangada (51, 52).
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1.4. Patofisiologia da les&o nervosa
i —h
~duf_ Ymy b
Fase | @ YP 0 & }‘)
Lesdo e inicio da resposta aguda

Fase ll

Fase lll =)

Regeneragdo e crescimento axonal

Figura 4. Representacdo esquematica das mudancas desencadeadas pela lesdo de nervo. Adaptado
de (53).

Apés a lesdo nervosa, uma cascata de respostas fisioldgicas e metabdlicas é
desencadeada no nivel celular no local da lesdo e no corpo celular dos neurbnios
afetados, na tentativa de se restabelecer o dano resultante da lesdo (23) (Figura 4 -
Fase ). Na neurotmese, 0 nervo é segmentado em dois cotos, distal e proximal ao
local da leséo, que estdo sujeitos a processos relativamente distintos (54). O coto
proximal se mantém ligado ao corpo celular na medula e adota um perfil regenerativo,
enquanto que o 6rgao alvo e o coto distal sdo privados de sua fonte de estimulo
elétrico e passam por alteracbes degenerativas seguidas por um processo de

regeneracao apos inervacao.

No coto distal, em que os axdnios perdem contato com 0sS corpos neuronais,
rapidamente tem inicio o processo da degeneragdo Walleriana, manifestando-se
como quebra da mielina e desintegracdo axonal (Figura 4 - Fase Il). Esse processo

inicia-se com um influxo de célcio intracelular, desencadeando a ativacdo e
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granulacédo de proteases dentro do axoplasma através da protedlise de microtubulos
e neurofilamentos. Essa sucessdo de eventos compromete ainda mais a integridade
organizacional da estrutura celular (54, 55). Nesse meio, padrdes moleculares
associados a danos (DAMPSs) e agentes pro-inflamatorios, incluindo fator de necrose
tumoral (TNF-)a, interleucina (IL-) 18 e CCL2, ativam a resposta imune inicial,
principalmente atribuida a macréfagos (56). Uma das principais funcdes desses
macréfagos é a depuracdo de residuos teciduais, papel reforcado pelas células de
Schwann através da autofagia da mielina (57). As células de Schwann, fibroblastos e
macrofagos residentes também contribuem para o meio inflamatdrio, liberando

mediadores pré-inflamatérios (58).

Dentro da depuracdo tecidual, a regeneracdo comeca lentamente na
extremidade proximal do local da leséo e prossegue em direcdo ao segmento distal
(Figura 4 - Fase lll). Nesse contexto, as células de Schwann proximas a regido lesada
se desdiferenciam, proliferam e migram para o local da lesédo. L4, elas se alinham
dentro dos tubos endoneurais, formando colunas longitudinais conhecidas como
bandas de Blngner, dentro das quais liberam fatores de crescimento e fatores tréficos
para estimular o alongamento axonal até o 6rgdo previamente inervado (52). E
importante ressaltar que a orientacdo correta das bandas de Blingner € dependente
de uma vasculatura polarizada, induzida pelo fator de crescimento endotelial vascular
derivado de macrofagos ao estimulo da hipéxia. Esses vasos sanguineos recém-
formados sé@o essenciais para a regeneracdo guiando a migracdo das células de

Schwann através da ferida e subsequente alongamento axonal (59).

Dentre as proteinas constituintes do citoesqueleto axonal, as mais comumente
estudadas sdo os neurofilamentos, cuja principal funcdo € assegurar a integridade
mecanica dos axdnios (60). Em quadros de lesdo no sistema nervoso, ocorre a
interrupcdo da organizacdo e/ou expressao dos neurofilamentos, desse modo o
aumento dessas estruturas esta relacionado a maturidade do tecido e melhora na
recuperacdo pos lesdo. Estudos utilizando como modelo a lesdo nervosa em
diferentes intervalos de tempo comprovaram que ha associacdo do aumento de
neurofilamentos a melhora do desempenho funcional (61-64). Durante o processo de
regeneracao, as células de Schwann expressam proteinas essenciais como a S100
(65, 66) e mielinizam os axbnios de médio a grande calibre, assegurando a

transmissao adequada do impulso nervoso.
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No coto proximal, a neurotmese evoca uma resposta retrograda nos corpos
celulares neuronais (10), havendo mudancas estruturais e alteracdes em seu perfil de
expressdo génica adotando uma funcdo regenerativa ao invés de sinaptica/de
transmissdo (52). Os neurbnios sobreviventes sofrem uma série de alteracdes
fisiologicas e morfolégicas denominada cromatolise, caracterizada pelo inchaco e
arredondamento do corpo celular, dissolucdo dos granulos de Nissl, deslocamento
excéntrico do ndcleo e reticulo endoplasméatico e desorganizacdo das organelas (1,
67). Essas modificagOes estruturais sdo paralelas a uma mudangca no metabolismo
celular fisioldgico em direcéo a sintese de proteinas envolvidas na regeneracéo axonal
(10), como aqueles relacionados ao citoesqueleto e fatores de crescimento (54). Com
a eliminacdo dos residuos de mielina, a regeneracdo comeca lentamente na
extremidade proximal do local da lesdo e prossegue em direcdo ao segmento distal.
Os axbnios seccionados produzem um grande numero de brotos, intimamente
associados as células de Schwann, formando varios cones de crescimento com
axonios de pequeno calibre que crescem gradativamente ao longo da deposicéo da
bainha de mielina.

De maneira coordenada, as células gliais ativadas proliferam significativamente
apos a lesdo, sendo um processo que persiste de dois dias a varios meses apoés a
axotomia (68). A ativacdo astrogliar e microgliar apés a axotomia parece desempenhar
um papel crucial na retracdo sinaptica dos corpos celulares dos motoneurénios em
gue realizam alteracdes sinapticas retrogradas conhecidas como “synaptic stripping”,
um processo pelo qual a micréglia residente seletivamente remove sinapses de
neurdnios lesionados (69). Nesse processo ha o extenso descolamento de terminais
pré-sinapticos de perfis neuronais e dendritos de motoneurdnios axotomizados (70),
pela acdo da glia residente. Esse estimulo rapidamente recruta maiores nimeros de
astrocitos e microglia nas proximidades dos terminais sinapticos afetados que, em seu
modo regenerativo, reagem através de mudangas conformacionais e estruturais de
suas projecdes citoplasmaticas se contactando com a membrana do motoneurdnio
lesionado e os terminais sinapticos degenerados (71), em especial, aqueles de origem
glutamatérgicas (72), que podem ser identificados através de marcacdes dos
transportadores vesiculares de glutamato 1 ou 2 (VGLUT-1/2).

Nesse cenario, a distancia da lesdo do corpo celular implica piora do quadro

regenerativo, como observado em neurdnios sensoriais, onde a maior proximidade
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com os ganglios da raiz dorsal esta diretamente relacionada ao numero de células
nervosas mortas (73) e uma maior distancia efetiva para a regeneracao. Outro desafio
importante é o emparelhamento equivocado dos axénios em regeneracao, que podem
se conectar com outros fasciculos nervosos, direcionando-os para outros muasculos
ou outros tecidos (72). Esses erros alteram a conectividade original dos
motoneurdnios, levando a deficiéncias funcionais motoras. Surpreendentemente,
embora os axoOnios se regenerem, estudos tém demonstrado que a recuperacéo
morfoldgica do nervo e do musculo ndo é suficiente para promover a recuperagao
funcional, pois ainda pode haver comprometimento da funcionalidade sinaptica (74,
75).

As lesBes nervosas também afetam diretamente o sistema muscular, causando
prejuizo aos musculos inervados que perdem sua fonte de estimulo elétrico. S&o
observadas diversas alteracdes morfoldégicas e moleculares, geralmente associadas
a atrofia muscular, com reducdo da area das fibras, do numero de mionucleos e
células satélites (76); desorganizacdo extracelular dos sarcoémeros e intracelular de
suas organelas, com dano mitocondrial e vacuolizacao; e alteracdo na expresséao de
proteinas relacionadas a degeneracdao, inflamacéo e atrofia muscular (44, 77). Ainda
gue haja uma alta plasticidade neuromuscular apés leséo e reinervacao, o processo
autbnomo é insuficiente para recuperacdo dos movimentos finos, visto que atrasos na
reinervacdo muscular ainda comprometem também a capacidade regenerativa dos
motoneurdnios afetados e ha um desvio consideravel da direcao das fibras nervosas
em regeneracao (54).

Por fim, as terminacdes nervosas que formaram as JNMs também séo perdidas
e, mesmo com o brotamento axonal bem-sucedido, a falha da reinervacao limita a
recuperacédo da funcdo muscular (78) (Figura 5A). Alguns fatores como o brotamento
de um ramo irregular do nervo, poli-inervagdo (79) e, 0 mais comum, reinervacao
colateral das fibras musculares sdo obstaculos para uma recuperacdo funcional
satisfatoria. As JNMs desnervadas sofrem degeneracdo grave e subsequente
desintegracdo (80) e desagregacdo dos nAChRs e das proteinas ancoradas,
fundamentais para a manutencdo de sua funcdo (81). Os DAMPs dos axonios
lesionados ativam as células de Schwann terminais (tSCs), as quais mantém contato
intimo com a porgao do terminal nervoso das JNMs, e liberam quimiocinas, sinalizando

como substratos de orientagdo para pontes de tSCs e reinervagédo da JNM (11, 82) .
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A subunidade nAChR-¢ é substituida pela nAChR-y levando a falha na ativacao

sinaptica, além de faléncia muscular e atrofia (83).
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Figura 5. Eventos celulares e moleculares associados a desnervacdo e reparo muscular ao nivel da
juncdo neuromuscular. Esquema de juncdo neuromuscular desnervada (A) e saudavel (B). Apos a
lesdo nervosa, todos os componentes da JNM séo prejudicados e a via de sinalizacdo
Agrina/LRP4/Musk/Rapsina desempenha um papel significativo para a formacdo dos novos cluster
NnAChRs e manutencdo da JNM. Adaptado de (25).

Outro prejuizo decorrente da desnervacdo as JNMs é relacionado a mudancas
significativas na expressdo de proteinas da via da Agrina/Rapsina/Musk/LRP4,
fundamental para a manutencao e estabilizacdo dos clusters de nAChR (84), levando
a alteracOes da area e conformacao da JNM (77). Logo apos a lesédo, proteinas desta
via tém sintese aumentada, mas sua complexa desorganizacdo leva a falha no
funcionamento adequado, inativagdo de MMP3 e acumulo de Agrina na fenda
sinaptica (11). Devido a desorganizagdo, o microambiente da JNM também é privado
de outros sinais retrogrados e anterogrados que mantém sua estabilidade (11), em
que as tSC ativadas estendem seus processos de sintese de nAChR em regides

musculares nao-sinapticas.
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Para o processo regenerativo, a proteina Agrina tem um papel fundamental em
iniciar a via de agrupamento de receptores, remodelando e retornando as JNMs a sua
forma convencional (23). A proteina LRP4, dependente de Agrina para ativacdo (84),
também tem papel fundamental no processo regenerativo, contribuindo para a
ativacdo das tSCs apos lesdo, que sdo responsaveis por orientar a reinervacado dos
JNMs nas fibras desnervadas (77). Notavelmente, as tSCs ativas também mantém a
organizacdo dos JNMs secretando substratos que regulam proteinas pos-sinapticas,
como a MMP3, que esta envolvida na integridade da lamina basal e da placa terminal
(80, 85). Outras proteinas sintetizadas pelo musculo também desempenham um papel
fundamental na manutencao e regeneracao pos-sinaptica, ja que sdo participantes de
vias de regulacdo importantes, como as proteinas MusK e Dok7 da via da Agrina ou
MURF-1 e atrogina-1 da via da ubiquitina-proteassoma, que previnem a desnervagao
(11, 77). Ademais, o retorno da subunidade épsilon substituindo a subunidade gama
€ um indicador de regeneracdo, pois ocorre somente ap0s a reinervacdo e

diferenciagéo dos miotubos (11).

Em conjunto, grandes eventos celulares e moleculares ocorrem e privam nao
s6 o nervo associado, as células de Schwann e as fibras musculares, mas também a
JNM, provocando uma série de sinais que, mesmo com a regeneracdao morfologica
dos axoénios, podem nédo resultar em associacdo definitiva com a recuperacao
funcional. A compreenséao do nicho terapéutico da JNM é essencial para proporcionar
resultados positivos apds a reinervacao, o que inclui ndo apenas a reinervacao atraves
da chegada de axb6nios regenerados aos dominios musculares poés-sinapticos
desnervados, mas também a capacidade de ativacao sinaptica (Figura 5B). Estudos
indicam que somente a partir de 12 semanas apés reconstrucdo nervosa com
neurorrafia isolada, que as placas motoras estdo completamente reinervadas, com
retorno da morfologia das JNMs aos padrdes normais (74, 86). Surpreendentemente,
estudos em roedores (74, 75) demonstraram que existe um periodo critico ap6s o
gual, mesmo com 4 meses apos reparo, reinervacao do musculo-alvo e formacao das
JNMs, nédo ha resultado motor satisfatério, o que pode refletir em um possivel defeito
na transmissao sindptica. Isto sugere que o reparo por neurorrafia (sutura) isolada é

insuficiente para restauracgao funcional das JNMs (75).
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1.5. Abordagens de reparo apds lesdo

Nos ultimos anos, véarias abordagens tém sido testadas e utilizadas com o
objetivo de aperfeicoar a funcionalidade do nervo lesionado (87, 88). A maioria dos
modelos experimentais utiliza roedores, em que séo cirurgicamente realizadas lesdes
nos nervos facial, ulnar ou isquiatico (89). Tratamentos que resultam em completa
recuperacdo morfolégica e funcional permanecem um desafio para a préatica médico-
cirargica. As principais dificuldades estdo relacionadas a propria reconexao e
regeneracao nervosa, em que 0s axdnios regenerados ndo conseguem atingir seus
tubos endoneurais originais (54), além disso ha dificuldade na revascularizacédo local,
perda progressiva do carater regenerativo nas células de Schwann, atrofia dos 6rgéos
inervados. Além disso o tempo prolongado entre a intervencdo médica apés a lesédo

sao fatores cruciais que interferem na recuperacao (9, 54, 60, 90).

Dentre as técnicas de corre¢do para transecc¢ao nervosa, a neurorrafia término-
terminal é o padrédo-ouro (39). Esse tipo de neurorrafia s6 é possivel quando os cotos
nervosos estao preservados, visiveis e integros, sem perda tecidual, e ndo ha tenséo
para reaproximacao e reconexao dos cotos (91). Apesar dos avangos nas técnicas de
reparo microcirlrgico, a recuperacao funcional satisfatéria das estruturas acometidas
ainda nao foi alcancada, pois mesmo com o sucesso da reconexao entre 0s cotos
nervosos, as taxas de recuperacdo motora tardia atingem apenas 50% de sucesso
(92). Desse modo, a investigacdo e desenvolvimento de novas estratégias e
abordagens que visem uma melhor regeneracao sao necessarios. Diversos estudos
tém investigado a associacdo de terapias adjuntas a neurorrafia, como a utilizacéo de
enxertos nervosos, tubos conduites, terapias celular, fotobiomodulacéo e aplicacao
de selantes de fibrina (1, 2, 7).

Os selantes de fibrina sdo substancias adesivas que mimetizam os estagios
finais da coagulacdo sanguinea, através da formagéo de um coégulo de fibrina estavel
e fisiologico no local de aplicacdo. Eles ainda fornecem um suporte fisico para a matriz
extracelular e podem ser associados a outros compostos de tratamento, ja que
possuem a capacidade de preservar os fatores bioquimicos e as propriedades
originais dos implantes. (93-96). Dessa maneira, 0s selantes sdo muito Uteis para
proporcionar hemostase, permitir a reducdo no numero de suturas e proteger o
ambiente contra infecgbes por microrganismos (95, 97). Eles também permitem

diminuicdo das reacbes inflamatorias e da incidéncia de trauma (1, 98),
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proporcionando uma agilidade na cirurgia e na recuperacéo, devido a facilidade e

rapidez de aplicacao.

Em linhas gerais, os selantes de fibrina sdo produzidos de duas formas: a partir
de derivados sanguineos autélogos ou homologos. Os selantes autélogos utilizam o
sangue do proprio paciente, de maneira que sdo biocompativeis e ndo apresentam
risco de transmissdo de doencas infecciosas, mas ndo sdo viaveis em cirurgias e
aplicacbes de emergéncia. Como alternativa, selantes homologos de fibrina
produzidos por um pool de sangue humano tém sido utilizados. No entanto, nesses
casos ha riscos de transmissdo de doencas infecciosas como hepatite, HIV e
parvovirose humana (99). Além de ter um alto custo de matérias-primas, dado a
necessidade de extracdo sanguinea de trombina bovina ou humana e fibrinogénio
humano. Devido a sua composi¢cdo com sangue humano, outro problema comum é a
fibrindlise rapida, que se inicia em menos de 24 horas apos a aplicacdo e desprende

prematuramente 0s cotos nervosos (99).

Mesmo com sua introducdo ndo tao recente na clinica humana, ainda ndo ha
consenso sobre o uso e a eficacia dos selantes de fibrina para reparo nervoso, com
predominio na literatura de estudos com modelos de roedores e poucas avaliacbes
em humanos (98, 100). O uso de selantes ainda ndo € aprovado por agéncias
reguladoras, como a Anvisa e Food and Drug Administration (americana) para reparo
de nervos, mas o0 interesse nesta terapia, ndo sO para reconstrucdo nervosa, €
crescente. Até hoje, os selantes de fibrina disponiveis comercialmente sdo produzidos
a partir de trombina bovina e humana e fibrinogénio (homoélogo) e apresentam
desvantagens e riscos, de modo que, além de transmissores de doencas infecciosas,
podem gerar fibrose, toxicidade e necrose (1). Também podem levar ao
desenvolvimento de anticorpos contra trombina bovina, reacéo anafilatica a proteinas

bovinas, entre outras reacdes adversas (101, 102).

1.6. Biopolimero Heterdlogo de Fibrina

Considerando as desvantagens presentes nos selantes de fibrina
comercialmente disponiveis, um grupo de pesquisadores do Centro de Estudos de
Venenos e Animais Peconhentos (CEVAP) da Universidade Estadual Paulista,

Botucatu, Sao Paulo, Brasil, desenvolveu e padronizou um novo selante de fibrina na
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década de 1990. O biopolimero heterdlogo de fibrina (BHF) consiste em dois
componentes principais, sendo eles uma enzima semelhante a trombina (serina
protease) extraida do veneno da cascavel Crotalus durissus terrificus e um
crioprecipitado rico em fibrinogénio e outros fatores coagulantes obtido do sangue do
bafalo Bubalus bubalis (95, 102). Quando ambos os componentes sdo misturados na
presenca do diluente de cloreto de calcio, o produto polimeriza-se, formando uma
robusta rede de fibrina. O BHF € um farmaco inteiramente brasileiro que tem atividade
comparavel aos selantes comerciais, ainda sendo biodegradavel, absorvivel e sem
sinais de toxicidade ou reacdo adversa (103). Devido a sua composi¢cao Unica e
auséncia de sangue humano, € considerado o Unico biopolimero heterdlogo de fibrina

no mundo (100). Além disso, possui excelente capacidade adesiva e hemostatica (95).

Comparado a outros selantes comerciais de fibrina utilizados clinicamente,
apresenta outras vantagens devido ao seu baixo custo de producdo, alta
disponibilidade de matéria-prima para sua fabricacdo e possibilidade de adaptar sua
formulacéo de acordo com o tipo de procedimento (102). Sua formulacao permite sua
utilizacdo em pronta entrega na clinica médica e em diversos procedimentos
cirdrgicos, como enxertos de pele e reconstrucbes cirargicas, auxiliando na
hemostasia e refor¢o de sutura (91, 99). Além disso, sua capacidade regenerativa foi
testada em 40 pacientes de um ensaio clinico de fase I/l para o tratamento de Ulceras
venosas cronicas, demonstrando ser um produto seguro, ndo imunogénico e com
eficacia promissora, ja que houve melhora significativa da qualidade do leito da Ulcera,

reducdo significativa da &rea da Ulcera e cicatrizacdo em varios pacientes (104, 105).

Nos ultimos anos, o BHF tem sido utilizado em associacdo com sutura e outros
fatores terapéuticos, a fim de potencializar ou minimizar as dificuldades do tratamento
padrao-ouro atual para lesdes nervosas. Em associacéo a neurorrafia para reparo de
uma transeccao nervosa, a aplicacdo do BHF demonstrou resultados positivos na
reducdo do trauma mecéanico do nervo (reducdo do numero de pontos de sutura)
(106), demonstrou resultados morfolégicos e/ou moleculares semelhante a sutura
tradicional (44, 101, 106, 107), apresentou facil utilizacdo com boa capacidade
adesiva (108); ainda proporcionou biocompatibilidade com outros materiais,
principalmente terapias celulares, em que garantiu melhor sobrevivéncia das células

e efetividade de suas fungdes (65, 66, 109).
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Nosso grupo de pesquisa tem realizado diversos estudos investigando os
efeitos regenerativos do BHF na reparacao de lesdes nervosas em ratos em diferentes
tempos de reparo e situagoes de tratamento. De fato, foram observados muitos efeitos
positivos associados ao potencial do BHF desde periodos iniciais apés lesédo, durante
0 pico de efeito pré-inflamatério, até periodos intermediarios com um microambiente
mais estabilizado (44, 77, 106, 107). Ressalta-se que a associacdo do BHF a
neurorrafia resultou em melhorias significativas na regeneragcdo nervosa, incluindo
aumento do crescimento axonal, melhora no recrutamento da resposta imune e da
vascularizacdo tecidual, mais similaridade morfolégica entre os tipos celulares
observados e restauracéo e ancoramento das JNMs. Em uma perspectiva funcional,
embora ainda néo satisfatorio, a combinagdo de BHF com sutura também ja promoveu
uma restauracdo mais eficaz do impulso nervoso, marcha e fungdo motora. Esses
resultados sdo promissores para o0 avan¢o do conhecimento na area de regeneracao

nervosa.
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2. Justificativa

A recuperacdo motora segue sendo um desafio devido as diversas dificuldades
da reconexdo e regeneracdo das estruturas lesionadas. Uma hipétese é a falta de
tempo suficiente para restabelecimento dessa coordenacdo motora refinada. Diante
do proposto, este estudo tem como objetivo ampliar uma série de estudos ja realizados
pelo nosso grupo de pesquisa, analisando os efeitos regenerativos da associacéo do
BHF & neurorrafia ap6s 120 dias de reconstrugcdo, que ja demonstraram a
consolidacéo precoce de um ambiente pro-regenerativo com potencial angiogénico e

imunogénico associado ao BHF.

Outra questdo relevante para assegurar um bom crescimento axonal e
reinervacao dos Orgaos alvos € assegurar uma maior sobrevivéncia neuronal, através
de acdes sobre os neurdnios motores e o parénquima celular da medula espinhal.

Assim, é fundamental mais estudos que envolvam o sistema nervoso central.

Acrescido a isso, estudos experimentais em ratos demonstraram que as JNMs
atingem seu potencial de regeneracdo em torno de 120 dias ap0s a reconstrucao.
Assim, considerando esses aspectos, nosso estudo pretende contribuir para entender
o efeito do BHF frente a distribuicdo e atividade dos neurbnios motores, sua eficiéncia
de reinervacéo e os efeitos de consolidacao da regeneracdo. Desse modo, comprovar
os efeitos positivos da associa¢do do BHF a lesdo nervosa, oportunizando o uso desse

potente e inovador biofarmaco brasileiro para a clinica médica.
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3. Objetivos

Objetivo geral: Investigar os efeitos na reconstru¢ao nervosa via neurorrafia associada

ao BHF aos 120 dias ap0s lesdo e reparo do nervo isquiatico de ratos Wistar, com

énfase em aspectos do sistema nervoso periférico (nervo, JNMs e musculo) e central

(neurbnios motores inferiores da medula espinal).

Objetivos especificos:

e Estudo do Sistema Nervoso Periférico:

v

Avaliacdo do carater regenerativo nervoso através da analise
morfolégica e morfométrica do nervo fibular;

Andlise da topografia nervosa (regeneracdo axonal e reatividade das
células de Schwann) do nervo isquiatico pelas imunomarcacdes de NF-
200 e S100;

Avaliacdo do grau de atrofia e degeneracdo das fibras musculares
através da andlise das colora¢des de H.E. e Picrossirius Red;
Avaliacdo da integridade morfoldgica e morfométrica das JNMs através
da marcacao por esterase inespecifica;

Andlise do microambiente e organizacdo ultraestrutural das fibras
musculares e das Jun¢des Neuromusculares por Microscopia Eletrénica
de Transmisséo;

Andlise da recuperacdo molecular de proteinas essenciais para
manutencdo e estabilizacdo da fibra muscular e suas juncdes

neuromusculares associadas por Western Blotting.

e Estudo do Sistema Nervoso Central:

v

Quantificacdo da populacdo dos motoneurbnios marcados
retrogradamente apos injecao de fluorogold no musculo tibial cranial;
Avaliacdo da disperséo e reconexdo neuronal através da reconstrucao
tridimensional da populacao neuronal retrogradamente marcada;
Andlise ultraestrutural do microambiente regenerado do corpo celular
dos neurbénios motores por Microscopia Eletrénica de Transmissao;

Andlise do parénquima medular por imunomarcacao de IBA-1.
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4. Materiais e Métodos

4.1. Revisao Bibliografica

Foi elaborado uma revisdo de escopo que segue as diretrizes delineadas nos Itens
Preferidos para Relatérios de RevisGes Sistematicas e Meta-Anélises (PRISMA). Para
isso, realizamos buscas nas bases de dados PubMed/MEDLINE, Scopus (Elsevier),
Web of Science e SciELO, abrangendo artigos publicados até agosto de 2023. A
busca utilizou as palavras-chave: “selante de fibrina heterdlogo”, “biopolimero de

fibrina heterdlogo”, “biopolimero de fibrina”, “neurorrafia” e “lesdo nervosa”, restritas a

publicacdes em inglés.

Para garantir precisdo, analisamos cuidadosamente titulos e resumos para
considerar possiveis sobreposicbes de palavras-chave. Os artigos foram
subsequentemente incluidos ou excluidos com base em critérios de elegibilidade
predeterminados. Dois autores independentes conduziram o processo de selecdo
utilizando procedimentos padronizados. Quando o titulo e o resumo ndo forneciam
clareza suficiente, andlises de artigos completos foram realizadas. Artigos de revisdo
foram examinados para identificar possiveis estudos experimentais, e artigos que ndo

ofereciam novos insights foram excluidos ap6s uma avaliacao abrangente.

Entre os 103 artigos inicialmente identificados, 31 foram eliminados devido a
duplicacédo, e outros 58 foram excluidos de acordo com os critérios de elegibilidade
(n&o estudo com modelo animal; sem modelo de lesdo nervosa ou envolvimento de
degeneracao/regeneracdo nervosa; sem uso de HFB; ndo artigo de pesquisa).
Notavelmente, seis artigos de pesquisa alinhados com os critérios de elegibilidade
estipulados foram identificados através de revisées de escopo e sistematicas. Um total
de 20 artigos sobre o uso de HFB para reparo de lesGes nervosas foram entdo
escolhidos para avaliacdo detalhada do texto, atendendo aos critérios de incluséo
predefinidos, formando a base para o escopo desta revisao (Figura 6). Além disso,
outros artigos foram consultados livremente para aprofundar aspectos da biologia da
juncao neuromuscular, a fisiopatologia da lesdo nervosa e a exploracao de selantes

de fibrina para reparo de lesdes nervosas.
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Figura 6. Diagrama demonstrativo dos critérios de selecdo e inclusdo de estudos para a construgédo
da revisdo de escopo. Retirado de (25).

4.2, Animais

Para realizacdo da parte experimental, foram utilizados 44 ratos Wistar machos
adultos, provenientes do Biotério Central da Unesp, Campus de Botucatu, entre 90 e
95 dias de idade e peso corporal médio de 300g. Durante todo o periodo experimental,
os animais foram mantidos no Biotério de Roedores 5 da Unidade de Pesquisa
Experimental (Unipex) da Faculdade de Medicina de Botucatu (FMB/Unesp), em
caixas de polietileno (medindo 40 x 30 x 15 cm), com fundos sélidos forrados com
substrato de maravalha, sob condigbes controladas de luminosidade (12h claro/12h
escuro), temperatura (24 = 2 °C), sendo fornecida agua filtrada e racdo Presence® ad

libitum.

Os animais foram distribuidos aleatoriamente em 4 grupos experimentais,
sendo que cada grupo foi constituido de 9 animais: Controle (C); Desnervado (D),

Neurorrafia (N) e Neurorrafia + BHF (NB). Todos os procedimentos mencionados
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foram aprovados pelo Comité de Etica local, inscrito sob o nimero CEUA-
FMB:1402/2021 (anexo 1).

4.3. Procedimento cirdrgico

Os animais foram anestesiados através de injecdo intraperitoneal de solucéo
anestésica contendo Ketamina (Dopalen, 70 mg/kg) e Xilazina (Anasedan, 30 mg/kg).
ApOs tricotomia do membro pélvico direito, os animais foram posicionados em
decubito ventral, mantendo-se as patas dianteiras e traseiras em abducédo. Foi
realizada a aplicacdo de Lidocaina (7 mg/kg) no local da incisdo e antissepsia com
alcool-iodado, seguida de incisdo sobre a face lateral da coxa, desde a altura do
trocanter maior até o joelho, com exposicédo dos nervos isquiaticos direitos.

Nos animais do grupo C foi realizada apenas a localizacéo e visualizacdo do
nervo isquiatico e em seguida os tecidos moles e a pele foram reposicionados e
suturados (Mononylon 7-0 e 5-0, Polysuture) (Figura 7A). Nos animais dos grupos D,
N e NB, de forma padronizada, a cerca de 3 milimetros acima de sua trifurcacao, foi
realizada uma lesdo nervosa por transeccdo do nervo isquiatico (neurotmese). Nos
animais do grupo D, a fim de evitar regeneracdo espontanea, foi removido um
fragmento de 6 mm do nervo, e os cotos proximais e distais foram invertidos a 180° e
fixados na musculatura adjacente, com pontos simples com fio de nylon (Mononylon
10-0, Polysuture) (Figura 7B). Nos grupos N e NB, imediatamente ap0s a neurotmese
0s cotos nervosos foram reconectados. No grupo N, os cotos foram religados por meio
de neurorrafia término-terminal (anastomose epineural) com 2 pontos simples, com fio
de nylon (Mononylon 10-0, Polysuture) (Figura 7C). No grupo NB a reconstrucao
nervosa foi realizada por neurorrafia com 2 pontos simples seguida da aplicacao de
250uL do BHF (44, 77, 107) (Figura 3D), cedido pelo CEVAP, Unesp Botucatu, SP,
Brasil, cujos componentes e férmula de aplicacdo constam das suas patentes
(NUumeros de registro: BR1020140114327 e BR1020140114360). No momento do
uso, os componentes foram previamente descongelados e reconstituidos. A aplicacao
foi feita através da colocagao simultédnea da fragéo 1 (125 pL) com a fragao 2 (125 pL)
— feito imediatamente antes da aplicacdo, através da homogeneizacdo de mesmas

quantidades do fibrinogénio e fator diluente - no local da lesé&o.
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Figura 7. Fotografias do procedimento de cirurgia experimental, em que € possivel observar as lesdes
de nervo para 0s grupos experimentais Controle (A), Desnervado (B), Neurorrafia (C) e Neurorrafia +
BHF (D). (p): coto proximal; (d): coto distal; (cabeca de seta vermelha): local/ponto de neurorrafia; (*):
BHF polimerizado.

Apés a realizacdo da reconstrucdo nervosa, os tecidos moles e pele foram
suturados com pontos simples utilizando fio de nylon (Mononylon 7-0 e 5-0,
Polysuture), os animais ficaram sob vigia e aquecimento até a recuperacdao. Em
seguida foi administrado Tramadol (5 mg/kg) para analgesia da dor e Enrofloxacino
(Baytril®, 10 mg/kg) para evitar infec¢cdes oportunistas via injecdo subcutdnea. Nos
trés dias consecutivos, o0 protocolo pos-cirdrgico contemplou a administragdo do
analgésico por 3 dias a cada 24 horas, e se necessario até 5 dias, além da aplicacdo
de lodopovidona durante o periodo de cicatrizacdo no local da incisdo. Devido a
dificuldade da cirurgia e seu carater de alto grau invasivo, houve uma taxa de perda

de cerca de 10% dos animais, devido majoritariamente a ndo recuperacdo da
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anestesia, atingindo por volta de 1 a 2 animais por grupo (totalizando 44 cirurgias bem
sucedidas).

Decorrido o periodo de 105 dias ap0s a cirurgia, seis animais de cada grupo
foram novamente anestesiados através de injecdo intraperitoneal de solucdo
anestésica de Ketamina (Dopalen, 70 mg/kg) e Xilazina (Anasedan, 30 mg/kg). Apés
efeito do anestésico, os animais foram posicionados em decubito dorsal e foi realizada
tricotomia do membro pélvico direito. Foram realizadas injecbes do neurotragador
FluoroGold a 4% em NaCL 0,9%, de maneira padronizada, em 3 pontos ao longo do

ventre do musculo tibial cranial direito (Figura 8).

Figura 8. Fotografias do procedimento de injecao do neurotragcador Fluorogold no masculo tibial cranial
direito de rata anestesiada usada para padronizagéo da técnica.

Em cada ponto foram injetados 2uL de neurotragador, lentamente durante 5
minutos, com 6mm de penetracdo da agulha a partir da pele. O primeiro ponto foi
realizado a 4mm da porg&o anterior da crista tibial dos animais e a 26mm de distancia
do calcaneo. Os pontos seguintes foram realizados 5mm acima e abaixo do primeiro
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ponto. ApdGs a injecao, a agulha foi mantida em posi¢cao durante 5 minutos a fim de
evitar refluxo do tracador e removida lentamente.

Neste estudo, foi escolhido para analise o musculo tibial cranial, devido a sua
localizacdo anatdbmica superficial, por ser volumoso e de facil acesso para a injecdo
do neurotracador, considerando ainda que as unidades motoras sofrem influéncia

direta da lesédo do nervo isquiatico, ja que o musculo é inervado pelo nervo fibular.

4.4, Coleta do material biolégico

Decorrido o periodo experimental, aos 120 dias apds a cirurgia, 0s animais
foram anestesiados através de injecdo intraperitoneal de solucdo anestésica de
Ketamina (Dopalen, 70 mg/kg) e Xilazina (Anasedan, 30 mg/kg). Para a coleta da
medula espinal e do nervo isquiatico direito, foi realizada perfuséo transcardiaca nos
6 animais de cada grupo em gque foi realizada a injecéo de neurotracador. O protocolo
de perfusdo consistiu na passagem inicial de solucdo salina 0,9% com heparina
(30ml/minuto) durante cerca de 1 minuto até esvaziamento do leito vascular, indicado
pelo esbranquicamento do figado, seguida da passagem de uma solucédo fixadora de
formaldeido a 4% recém preparada a partir de paraformaldeido e tampéao fosfato de
sédio (PBS) 0,1M pH 7,4, durante 30 minutos (30ml/minuto). Apds pelo menos 30
minutos da finalizacdo do procedimento, as medulas e 0s nervos isquiaticos foram
coletadas e armazenadas em formaldeido 4% por um dia. No dia seguinte foram
retiradas as meninges, raizes nervosas, as medulas foram reduzidas e armazenadas
em solucéo de sacarose 30% feita em PBS 0,1M pH 7,4.

Para as analises do musculo tibial cranial, suas JNMs associadas e nervo
fibular, os tecidos foram coletados a fresco, armazenados e imediatamente mantidos
em solucdo fixadora apropriada (Karnovsky - paraformaldeido a 4%, glutaraldeido
2,5% - paraformaldeido 4%) ou foram congelados. ApGs a coleta do material biolégico,
os animais foram eutanasiados através de injecdo de tiopental intracardiaco. E
importante ressaltar que para as analises de microscopia eletrénica da medula, apos
coleta a fresco dos tecidos, foi realizado perfusao transcardiaca em 3 animais de cada

grupo utilizando solucéo fixadora de Karnovsky.

4.5. Estudos do SNP
4.5.1. Analise do peso relativo dos musculos tibiais craniais (n=9)
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Previamente a anestesia os animais foram pesados e, apdés coleta, o0s
musculos tibiais craniais foram removidos, limpos em solugcédo salina, dissecados e
pesados para posterior calculo do peso relativo do musculo (peso do musculo/peso
do animal *100) para cada animal de cada grupo experimental.

4.5.2. Analise morfologica e morfométrica das JNMs (n=5)

Para caracterizacdo das JNMs, seccdes longitudinais de 400pum do musculo
tibial cranial direito foram realizadas através do uso de um vibratomo (Hyrax V50
Vibratome/Carl Zeiss). Essas seccfes foram conservadas em solucdo de Karnovsky
e entdo submetidas a reacdo de Esterase Inespecifica (Lehrer e Ornstein, 1959).
Inicialmente foram lavadas em agua corrente por 10 minutos e incubadas a 37°C por
12 minutos em um meio com pH entre 6.8 a 7.2, composto por soluc¢ao Tris HCI 0,05M
(5 ml), alfa-naftil acetato a 1% (0,125 ml) e pararosanilina azotizada (0,4 ml) por
animal. Apds a incubacéo, as pecas foram lavadas em agua corrente por 10 minutos,
desidratadas, diafanizadas e montadas em laminas. As fotomicrografias das JNMs
foram obtidas no microscopio Olympus Bx41 (camera SC30) do setor de Anatomia do
Departamento de Biologia Estrutural e Funcional, IBB-UNESP. Foram tomadas
medidas da area, perimetro, diametro minimo e maximo, dimetro de Feret, Feret
minimo, angulacédo e angulo de Feret para pelo menos 50 JNMs para cada animal.

Essas medidas foram analisadas através do software ImageJ (v.1.53) (110).

4.5.3. Analise ultraestrutural das juncées neuromusculares e fibras musculares
(n=3)

Para a analise das juncGes neuromusculares e fibras musculares, porcdes
mediais do musculo tibial cranial foram seccionadas em retangulos e armazenadas
em solucdo de Karnovsky para posterior processamento e obtencdo de seccdes
longitudinais. O material foi processado seguindo a rotina do Centro de Microscopia
Eletronica do Instituto de Biociéncias (CME/IBB/UNESP) e foi fotodocumentado
utilizando o Microscopio Eletronico de Transmissao (TECNAI Spirit, Fei).

4.5.4. Analise morfolégica e morfométrica das fibras musculares e tecido
conjuntivo intramuscular (n=5)
AplOs a coleta, as extremidades distais do mausculo tibial cranial foram

seccionadas e fixadas em formol tamponado a 10% por 24 horas, lavados em agua
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corrente por 48 horas, incluidos em Paraplast® e seccionados em microtomo com
espessura de 4 um. Foram confeccionadas 2 laminas histolégicas para cada animal
de cada grupo experimental. Apés a coloracdo mencionada abaixo as laminas foram
fotografadas em aumento de 200x no microscépio Olympus Bx41 (camera SC30).

A primeira lamina foi submetida a coloracao de H.E. e foram selecionadas entre
300 a 400 fibras musculares de 3 a 4 campos aleatdrios para analise morfométrica da
area, perimetro, circularidade, didametro minimo e maximo, didmetro de Feret, Feret
minimo, angulagdo e angulo de Feret das fibras musculares e contagem do numero
de ndcleos centrais.

A segunda lamina foi submetida a coloracdo de Picrosirius Red, em que o
tecido conjuntivo é corado em vermelho e as fibras musculares em amarelo. A
quantificacdo do tecido conjuntivo foi realizada por meio da analise de porcentagem

na secao total do masculo, através da ferramenta de Threshold do software ImageJ.

4.5.5. Andlise morfol6gica e morfométrica do nervo fibular (n=5)

ApGs a exposicdo dos nervos fibulares direitos, um fragmento de
aproximadamente 1 cm foi removido e fixado em solucdo de Karnovsky por pelo
menos 24 horas. Em seguida, os fragmentos foram colocados em solucéo de tetroxido
de 6smio durante 24 horas, lavados em tampao fosfato, armazenados em alcool 70%
e incluidos em historesina. Apds essa rotina, os blocos contendo os nervos foram
seccionados transversalmente (2 ym) em um ultramicrotomo Leica RM2265. As
laminas histolégicas foram contracoradas com azul de toluidina 1% em agua ultrapura
e fotografadas em um microscopio Olympus Bx41l (camera SC30) no Setor de
Anatomia do Departamento de Biologia Estrutural e Funcional (DBEF) do IBB/Unesp.
Foram obtidas imagens com aumento de 100x, 400x e 1000x, com utilizacéo de 6leo
de imers&o. E importante salientar que devido a atrofia e degeneracéo nao foi possivel
coletar os nervos fibulares dos animais do grupo D. Os nervos foram analisados com
auxilio do software “Imaged” para obtengédo da contagem do numero total de axénios
e area e perimetro do fasciculo nervoso utilizando imagens em 100x e 400x. Atraves
do programa livre “AxonDepSeeg” (111) que utiliza aprendizado de maquinas e redes
neurais para realizar morfometria das fibras nervosas de maneira automatizada, fibras
nervosas de 5 campos aleatoriamente escolhidos no aumento de 1000x (totalizando
pelo menos 50% das fibras presentes no fasciculo) foram utilizadas para obtencéo

das seguintes medidas (Figura 9): area e perimetro do axdénio, diametro do axénio,
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area e espessura da bainha de mielina, area e perimetro da fibra nervosa, e foi
realizado o calculo da razdo G. ApOs cada analise, critérios de selecdo e adequacéao
padronizados foram utilizados para retirar eventuais erros de medidas e retiras
medidas de fibras nervosas das extremidades.
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Figura 9. Imagem representativa de medida automatizada utilizando o software AxonDeepSeg, em que
€ possivel observar a bainha de mielina dos axénios pintada em vermelho e o interior de cada fibra em
azul. A fotomicrografia apresentada foi tirada com aumento de 100x e a andlise do software nao foi

corrigida e ajustada, de maneira que podem ser visualizados alguns erros.

4.5.6. Imunomarcacao de NF-200 e S100 no nervo isquiatico (n=5)

Nos animais submetidos a perfuséo transcardiaca com paraformaldeido 4%,
os fragmentos do nervo isquiatico referentes a area da reconstrucéo foram coletados
e posteriormente armazenados em paraformaldeido a 4% por 24 h, crioprotegidos em
sacarose (diluidaem PBS 0,1 M) 10%, 20% e 30% por 24 h cada, embebidos em meio
de congelamento (Tissue Plus® O.C.T. Compound, Fisher Healthcare), congelados
em N-hexano resfriado em nitrogénio liquido e armazenados em biofreezer a -80 °C,
para posterior corte, montagem em laminas e realizacdo da imunomarcacédo. Em
seguida, as laminas foram descongeladas em temperatura ambiente durante 1h,

lavadas em PBS, incubadas em solucao bloqueadora (PBS 3% BSA (w/v)) por 1 hora,
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seguido de incubacdo pelo anticorpo primario (NF200, feito em coelho, #N5389,
Sigma, 1/1.000; S-100, feito em coelho, #ab4066, Abcam, 1/1.000 — diluidos em
solugcéo de PBS 1% BSA (w/v), 0,2% Triton-X (v/v)) por 18 horas em caixa escura
umida a 4° C. No dia seguinte, as laminas foram lavadas novamente em tampéo PB,
incubadas por 1h em anticorpo secundario (IgG Mouse Alexa Fluor 488, feito em
coelho, #ab15007, Abcam, 1/1.000 diluido em solucéo de PBS 1% BSA (w/v), 0,2%
Triton-X (v/v)), em seguida foram novamente lavadas em PBS e montadas com
laminulas e meio de montagem (VectaShield).

As laminas foram fotografadas pelo microscopio confocal Leica TCS SP5 em
aumento de 200x, escolhendo aleatoriamente 2 campos por animal e, em seguida,
analisadas usando o software ImageJ. Para excluir espagos vazios gerados por
variacdes na largura da secgao longitudinal do nervo, foi utilizado um quadro (500 x
500 unidades) cobrindo apenas as areas de amostra. Os valores médios de
intensidade de fluorescéncia foram obtidos através da quantificacdo da area
fluorescente para cada animal, utilizando a ferramenta de “threshold” de maneira

padronizada.

4.5.7. Analise da expressao proteica por Western Blotting (n=5)

As porcdes proximais do musculo tibial cranial foram descongelados, pesados
e sonicados e homogeneizadas em tampéo RIPA e inibidores de proteases (30mg de
tecido/100pl de tampao de extracdo). Os extratos dos tecidos foram extraidos por
centrifugacéo durante 20 minutos a 14000 rpm a 4°C. Para cada animal, o conteudo
de proteina foi determinado utilizando o método de Bradford (Bio-Rad protein assay)
e 0 correspondente a 50 microgramas de proteinas foi aplicado em gel de
poliacrilamida. Apos eletroforese, o material foi transferido para membranas de
nitrocelulose e incubado com os anticorpos primarios em overnight. Apds a lavagem,
as membranas foram incubadas por 1 hora em anticorpo secundario HRP e reveladas
utilizando-se substrato quimioluminescente para Western Blotting (AMERSHAM
ECLTM PRIME, GE Healthcare). A analise semiquantitativa de densitometria das
bandas foi realizada pelo software ImageJ. Os dados foram normalizados com a

GAPDH de mesma membrana e expressos em unidades arbitrarias (112).
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4.6. Estudos do SNC

4.6.1. Estudo da imunorreatividade ao FluoroGold e IBA-1 (n=5)

Para cada animal, a intumescéncia lombar da medula espinhal foi seccionada
longitudinalmente em fatias de 40um de espessura, usando um micrétomo deslizante
(Leica SM2010R) equipado com uma plataforma de congelamento (BFS-30MP,
Physiotemp Inc.). As sec¢Bes foram coletadas sequencialmente em uma série de 4
frascos preenchidos com solugdo anticongelante, de modo que o intervalo entre
secdes consecutivas em cada frasco fosse de 160um. Cada série de secdes foi
armazenada a -20°C até o momento do processamento.

As sec0es histoldgicas foram inicialmente lavadas em PBS 0,1M pH 7,4, passando
para a inibicdo da peroxidase enddgena em uma solucdo de 3% de perdxido de
hidrogénio em PBS por 20 minutos. Subsequentemente, as se¢des foram lavadas em
PBS e tampao Tris 0,05M com Triton-X100 0,25% em solucéo salina pH 7,6 (TBS-TX)
e incubadas em uma solucdo de soro de cabra a 2% para bloquear a marcacao nao
especifica. Apos isso, a incubacao dos anticorpos primarios foi realizada em TBS-TX
por 48h, a uma temperatura de 4°C, e as sec¢des foram mantidas sob agitacao
constante de acordo com cada protocolo: anti-FluoroGold (produzido em coelho,
#AB138870, Abcam, 1/10.000), anti-IBA1 (produzido em coelho, WAKO, 1/5.000).
Apoés a incubacéo, as secdes foram lavadas em TBS-TX 0,05M pH 7,6 e incubadas
em anticorpo secundario biotinilado para a espécie onde o anticorpo primario foi
obtido, anti-lgG de coelho (#BA-1000, Vector Laboratories, 1/200), produzido em
cabra, por 2 horas a temperatura ambiente. Em seguida, as se¢es foram lavadas em
TBS-TX e incubadas em complexo peroxidase avidina-biotina (Vectastain ABC Kit,
PK-4000, 1/200), diluido em TBS-TX, por 1 hora a temperatura ambiente. Depois, as
secdes foram lavadas em tampéo Tris-HCI 0,05M pH 8,0. Por fim, a peroxidase ligada
ao complexo ABC foi evidenciada pela reacdo com peréxido de hidrogénio, usando
3,3’ diaminobenzidina-tetrahidrocloreto intensificado com sulfato de niquel amoniacal
(DAB-Ni) como cromogeno. Apés o processo de imunohistoquimica, as secdes foram
transferidas para uma solucdo de gelatina a 0,4%, em tampéao Tris-HCI| 0,05M e
montadas em laminas.

Para analisar a microglia, foi utilizado o protocolo para densitometria éptica. O
microscopio optico (Axioplan2, Carl Zeiss), equipado com uma camera digital
(axioCam HRc, Zeiss), foi ajustado para obter a condicédo de iluminacéo ideal com a

lente objetiva de 20X, usada para capturar todas as imagens. O feixe de luz foi
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centrado no CCD da camera digital, e a intensidade da iluminacdo foi fixada
observando o histograma de brilho RGB da imagem, a fim de distribui-lo ao longo da
faixa dindmica da camera digital. Todos os parametros de iluminacdo de campo,
aberturas de diafragma, conjuntos de filtros e tempo de exposi¢do da camera foram
controlados manualmente para evitar variacdes nesses parametros durante a sesséo
de captura.

Todas as imagens foram capturadas na mesma sessao e 11 imagens de referéncia
foram inicialmente adquiridas para calibracdo de densidade oéptica (Figura 10B),
representando densidades entre 0,04 e 1,0, usando um filtro de densidade neutra
escalonado (Figura 10A) (Edmund Industrial Optics, #32-599). Em seguida, para cada
animal, cerca de 2500 pm (8 imagens) de cada sessdo de medula espinhal anterior
(3~4) foi capturada, de acordo com os neurénios marcados com FG reconstruidos em
3D.

Em seguida, essas imagens foram combinadas em um mosaico, para criar
imagens panoramicas de toda a intumescéncia lombar. No ImageJ, para excluir
espacos vazios gerados por variacdes na largura da secdo de nossa analise, foi
adotada uma moldura ROI (1900 x 600 unidades) e usada para realizar a
quantificacdo comparativa da densidade Optica das secdes de tecido entre os varios
grupos experimentais, refletindo a quantidade de densidade de células IBA-1+ (Figura
10C).

Para a analise de cada conjunto de imagens capturadas na mesma sessao, a
calibracdo da densidade Optica foi inicialmente realizada usando imagens de
referéncia com uma escala crescente de niveis de cinza. Para garantir a uniformidade
na imunomarcacdo IBA-1+, todas as secdes dos casos experimentais foram
processadas simultaneamente, usando solu¢cdes com composicoes idénticas e
parametros imuno-histoquimicos como concentracdo de anticorpos, duracdo da
coloracdo e tempo de desenvolvimento foram mantidos consistentes em todas as
secbes para alcancar intensidade de coloracdo uniforme. Além disso, um terco
padronizado da mesma ROI e imagens foram usados para a contagem de células IBA-

1+ entre os grupos (Figura 10D).
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Figura 10. Imagem da lamina microscopica utilizada para obter o filtro de densidade 6ptica (A) e
representacao do filtro de densidade dptica neutra, com seus respectivos valores de densidade 6ptica,
utilizado para captura de imagens de referéncia e posterior calibragdo através do ImageJd (B).
Representacdo de medida com imagem de marcagdo IBA-1 reconstruida em painel e regido de
interesse delimitando a area total analisada (C) e representagdo de contagem do numero de células

marcadas pelo IBA-1 em &rea regido de interesse (D).

4.6.2. Reconstrucdo 3D da distribuicdo dos neurdnios motores (n=1)

Para a reconstrucdo 3D, a medula espinhal de um animal de cada grupo foi
seccionada longitudinalmente em fatias de 40um de espessura e imediatamente
montada em séries em uma lamina com uma solucéo de gelatina a 0,1%. Em seguida,

todas as sec¢Oes foram inteiramente fotografadas em um microscopio de fluorescéncia
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(Zeiss Scope.Al) e cada corte foi reconstruido em uma unica imagem (Figura 11A e
11a).

Subsequentemente, a reconstrucdo tridimensional foi realizada atraves do
software Neurolucida (versdo 10.31, MBF Bioscience, MicroBrightfield, Inc). As
reconstrucdes de cada corte da medula espinhal delimitaram toda a intumescéncia
lombar. Os passos para criar os modelos 3D incluiram calibrar o programa, inserir
informacdes sobre o intervalo de avaliacdo e o numero de secfes usadas na
reconstrucdo, definir os contornos que limitam as estruturas de referéncia
citoarquitetbnicas, alinhar individualmente cada nova secdo em relacdo a sua
predecessora imediata. Em cada secédo, o contorno externo da medula espinhal, as
colunas de substancia cinzenta da medula espinhal e os neurdnios rotulados
retrogradamente foram delineados (Figura 11B). A organizacao citoarquitetonica das
regides de interesse foi ilustrada em quadros com figuras esquematicas que
representam secfes longitudinais em duas dimensfes e imagens dos modelos
tridimensionais (Figura 11C). A partir da reconstrucdo, também foram tiradas
informacdes referentes a distribuicdo do pool de neurénios motores retrogradamente

marcados para cada animal.

SLATRON E2240
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Figura 11. Representacdo da montagem finalizada (A) de uma série de fotografias de um animal do
grupo controle, com os neurdnios motores que inervam o misculo tibial cranial evidenciados em branco.
No detalhe os neurbnios podem ser visualizados em maior aumento (a). Delimitag@o e sobreposigéo
de diversas secdes de medula que evidenciam o contorno externo (azul), substancia cinzenta (amarelo)
e neurbnios retrogradamente marcados (bola vermelha) (B). Reconstrucdo tridimensional para um

animal (C).

4.6.3. Analise ultraestrutural dos neurdnios motores (n=3)

Os animais foram perfundidos com solugdo Karnovsky, as medulas espinais
foram coletadas e reduzidas em sua porcdo lombar. Posteriormente, foi feito a
reducdo da medula para um segmento de 2 mm, o lado direito, referente a leséo
nervosa, foi destacado e foram armazenados 2 segmentos da regido da coluna
anterior para processamento e analise ultraestrutural por microscopia eletrénica de
transmissdo no Centro de Microscopia Eletrénica do Instituto de Biociéncias de
Botucatu. Ademais, para um animal de cada grupo, o restante da porcédo lombar
imediatamente acima da porcdo reduzida foi seccionado transversalmente para

visualizacdo dos neurénios motores através de coloragéo de Nissl.

4.7. Andlise estatistica

Todos os dados referentes a quantificacbes morfolégicas e morfométricas e as
andlises estatisticas foram realizadas as cegas pelo pesquisador principal. Os
resultados de todas as variaveis quantitativas foram comparados entre 0s grupos e
antes de qualquer andlise a distribuicdo normal e a homocedasticidade dos dados
foram verificadas através do teste de Shapiro-Wilk ou teste de normalidade
apropriado. A comparacédo entre 0os grupos com aderéncia a distribuicdo normal de
probabilidades foi realizada por meio da técnica de andlise de variancia paramétrica
(ANOVA) para o modelo com um fator complementada com o teste de comparacdes
multiplas de Tukey ou pelo procedimento nao-paramétrico (Kruskal-Wallis)
complementado pelo teste de Dunn na auséncia de aderéncia a distribuicdo normal.
Outros testes e modelos foram adotados em caso de melhor adequacgéo para a analise
em questdo. Todos os dados foram considerados utilizando o nivel de 5% de
significdncia (p < 0,05). Os dados foram analisados com auxilio do software

“GraphPad Prism 9” e todos os graficos foram confeccionados no mesmo software.
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Heterologous fibrin biopolymer as an emerging approach to peripheral nerve
repair: a scoping review
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Abstract

Nerve injuries present a substantial challenge within the medical domain due to their
prevalent occurrence and significant impact. In nerve injuries, a range of
physiopathological and metabolic responses come into play to stabilize and repair the
resulting damage. A critical concern arises from the disruption of connections at
neuromuscular junctions, leading to profound degeneration and substantial loss of
muscle function, thereby hampering motor tasks. While end-to-end neurorrhaphy
serves as the established technique for treating peripheral nerve injuries, achieving
comprehensive morphofunctional recovery remains a formidable challenge. In pursuit
of enhancing the repair process, alternative and supportive methods are being
explored. A promising candidate is the utilization of heterologous fibrin biopolymer, a
sealant devoid of human blood components. Notably, this biopolymer has showcased
its prowess in establishing a stable and protective microenvironment at the site of use
in multiple scenarios of regenerative medicine. Hence, this scoping review is directed
towards assessing the effects of associating heterologous fibrin biopolymer with
neurorrhaphy to treat nerve injuries, drawing upon findings from prior studies
disseminated through PubMed/MEDLINE, Scopus, and Web of Science databases.
Further discourse delves into the intricacies of the biology of neuromuscular junctions,
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nerve injury pathophysiology, and the broader utilization of fibrin sealants in
conjunction with sutures for nerve reconstruction procedures. The association of HFB
with neurorrhaphy emerges as a potential avenue for surmounting the limitations
associated with traditional sealants while also mitigating degeneration in nerves,
muscles, and NMJs post-injury, thereby fostering a more conducive environment for
subsequent regeneration. Indeed, queries arise regarding the long-term regenerative
potential of this approach and its applicability in reconstructive surgeries for human
nerve injuries.

Keywords: fibrin sealant; neurorrhaphy; nervous system; regenerative medicine.

1. Background

Peripheral nerves are some of the most delicate structures in the human body,
prone to easily being damaged by injuries such as compressions, crushes, and
traumas [1]. Nerve injuries are a common clinical case with a high global incidence,
affecting around 18 individuals per 100,000 each year [2]. Many individuals affected
by nerve injuries, both in severe and moderate cases, have incomplete recovery,
resulting in transient or permanent losses of motor and sensory functions, as well as
chronic pain, muscle atrophy, and weakness. Approximately one-third of all nerve
injuries demonstrate incomplete recovery with poor restoration of function [3]. Several
factors hinder axonal regeneration, including severity, mechanism of injury, the large
distance between the neuron cell body and target tissue, and the loss of regenerative
support from Schwann cells (nerve glial cells) after injury, so that effective functional
recovery is typically not achieved [4, 5]. The proper reinnervation of neuromuscular
junctions (NMJs) by the nerve terminal plays an important role in obtaining a functional
NMJ and, thus, a positive outcome.

Upon transection/neurotmesis, all structures of the neuromuscular apparatus
are hindered, from the muscle fibers up to the motor neuron cell body in the spinal
cord, undermining the quality of life of patients. Despite advances in microsurgical
repair techniques, researchers have not yet achieved satisfactory functional recovery
of the affected structures. Even with successful reconnection between the nerve
stumps, the rates of motor recovery only reach a 50% success rate [6]. Then, the
development of new strategies and approaches aimed at better regeneration is
necessary. In this way, a new heterologous fibrin biopolymer (HFB) calls out attention
as a promising candidate for adjunct therapy, as it has been showing positive results
in a range of regenerative treatments, such as bone, tendon, spinal cord, and skin
injuries, developing a more permissive environment for regeneration.

The current HFB consists of two major components, namely a thrombin like-
enzyme (serine protease) extracted from the Crotalus durissus terrificus venom and a
cryoprecipitate rich in fibrinogen, obtained from the blood of the buffalo Bubalus bubalis
[7]. When both components are mixed with the calcium chloride diluent, the product
polymerizes, forming a robust fibrin network. HFB has an activity comparable to
commercial sealants, as it is biodegradable, bioabsorbable, and has no toxicity or
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adverse reaction [8]. Because of its unique composition and absence of human blood,
it is considered the only heterologous fibrin biopolymer in the world [9].

The use of HFB as an adjunct in peripheral and central nerve reconstruction has
been showing promising results through the development of an immunomodulatory
and neuroprotective environment at the injury site [10-13] and has also been applied
in various other experimental models of reconstructive surgery [7, 14]. The use of HFB
has already been experimentally shown to provide a microenvironment of stability and
protection at the reconstruction site, leading to positive scenarios of nerve
regeneration. Therefore, this scoping review shed light on the association of HFB with
sutures for nerve reconstruction following injury, highlighting its immunomodulatory
and neuroprotective properties. Notably, integrating HFB with neurorrhaphy presents
a promising avenue for surpassing the constraints of conventional sealants, while
concurrently curtailing the extent of initial degeneration subsequent to injury.

2. Methods

This scoping review follows the guidelines outlined in the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) [15]. To achieve this, we
conducted searches in PubMed/MEDLINE, Scopus (Elsevier), Web of Science, and
SciELO databases, encompassing articles published until August 2023. The search
used the keywords: “heterologous fibrin sealant,” “heterologous fibrin biopolymer,”
“fibrin biopolymer,” “neurorrhaphy,” and “nerve injury” restricted to English-language
publications.

To ensure precision, we carefully analyzed titles and abstracts to account for
potential keyword overlaps. Articles were subsequently included or excluded based on
predetermined eligibility criteria. Two independent authors conducted the selection
process by using standardized procedures. When the title and abstract did not provide
sufficient clarity, full-article analyses were undertaken. Review articles were scrutinized
to identify potential experimental studies, and articles offering no novel insights were
excluded following a comprehensive assessment.

Among the initially identified 103 articles, 31 were eliminated due to duplication,
and an additional 58 were excluded in line with eligibility criteria (not animal model
study; no nerve injury model or nerve degeneration/regeneration involvement; no HFB
use; not a research article). Notably, six research articles aligning with the stipulated
eligibility criteria were identified through scoping and systematic reviews. A total of 20
articles regarding the use of HFB for nerve injury repair were then chosen for detailed
text evaluation, which meets the predefined inclusion criteria, forming the basis for this
review's scope (Figure 1). Furthermore, other articles were freely consulted to delve
into further aspects of the biology of the neuromuscular junction, the pathophysiology
of nerve injury, and the exploration of fibrin sealants for nerve injury repair. Table 1
summarizes experimental articles, which used HFB for neuronal regeneration included
in this review.
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Figure 1. Flow diagram showing the study selection.

Table 1. Summary of experimental articles involving neuronal regeneration (CNS and

PNS) included in this scoping review.

Author Objective

Methods Results

Conclusion

Barbizan To investigate two

et al. delivery strategies of
(2014) mononuclear cells
[16] (MC), comparing the

local injection to the
spinal cord with the
possibility of mixing
MC with HFB on the
interface of the
CNS/PNS.

Forty female adult HFB enhanced cell
Lewis rats divided into: therapy effects
G1: avulsion only; G2: resulting in greater
reimplantation with survival of spinal
HFB; G3: root repair motoneurons up to
with HFB and MC; G4: four weeks post-
root repair with HFB surgery. MC added
and injected MCs. to the HFB increased
neurotrophic  factor
gene transcript levels
in the spinal cord
ventral horn. The
motor recovery was

The use of HFB as
a scaffold for the
MC delivery
approach gave the
best and most
long-lasting
results. MC therapy
was
neuroprotective by
increasing levels of
brain-derived
neurotrophic factor
(BDNF) and glial-
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similar to cell-treated
groups.

derived
neurotrophic factor
(GDNF).

Buchaim To assess whether Thirty-two adult male The vagus nerve HFB +LLLT makes
et al. HFB permits the Wistar rats demonstrated axonal
(2015) collateral repair of divided into: G1: intact collateral regeneration
[17] axons originating sural nerve; G2: the regeneration of feasible and is an
from a vagus nerve ends of the sural nerve axons to the interior efficient method to
to the interior of a graft were coapted to of the autologous recover injured
sural nerve graft and the vagus nerve using graftin all groups. G3 peripheral nerves,
whether  low-level HFB; G3: same was similar to G1 as well as improve
laser therapy (LLLT) procedures as G2 + concerning the area myelination.
assists in the LLLT. and thickness of the
regeneration myelin sheath.
process.
Cartarozz To investigate the One hundred adult G3 had a greater MSCs + HFB
i et al effectiveness of Lewis rats divided into value for myelinated treatment was
(2015) mesenchymal stem G1. empty tube; G2: axon counting, more effective in
[18] cells (MSCs) tube filled with HFB; compactfibers,anda improving nerve
associated with HFB  G3: tube filled with tendency to increase regeneration, as it
for the peripheral HFB and grafted with the thickness of the positively
regenerative MSCs. myelin sheath; with modulated
process after nerve better motor function. Schwann Cells
tubulization. reactivity.
Buchaim To assess the Forty adults male Axonal sproutingand HFB allowed the
et al. impact of LLLT on Wistar rats divided morphology were coaptation of the
(2016) the repair of the into: G1:. suture; G2: similar among the stumps without
[19] buccal branch of the HFB; G3: suture + experimental groups. trauma to the nerve
facial nerve using HFB; G4: suture + G5 showed the fibers.
two surgical LLLT; G5: suture + closest results to the
methods: end-to-end HFB + LLLT. G1, in all measured
epineural  suturing variables, except in
and coaptation with the axon area.
HFB.
Rosso et To assess the Thirty-two adults male G4 and G5 groups The functional
al. (2017) impact of LLLT on Wistar rats divided into showed higher mean recovery of whisker
[20] facial nerve injuries G1: control; G2: values for movement
repaired with the suture; G3: HFB; G4: histomorphometry occurred more
end-to-side method suture + LLLT; G5: and functional rapidly in G4 and
or coaptation with suture + HFB + LLLT. recovery variables. G5, with results
HFB. closer to G1. LLLT
expedited

morphological and
functional  nerve
repair in  both
techniques.




62

Spejo et To evaluate whether Eighty-eight adult MSC therapy: MSC therapy
al. (2018) the combination of female Lewis rats increased neuronal provides
[21] MSCs and HFB underwent a unilateral survival and neuroprotection
enhances the ventral funiculus functional recovery, and, when
regeneration of the incision at the L4, L5, reduced astrogliosis, combined with
spinal cord following and L6 spinal levels. and preserved spinal HFB, shifts the
intramedullary The animals were circuits. HFB immune response
axotomy (IA) divided into: G1: IA, promoted: early towards the
G2; IA + vehicle; G3: macrophage proinflammatory
IA + HFB; G4: IA + recruitment and profile.
MSC; G5: IA + HFB + expression of
MSC. proinflammatory
cytokines.
Mozafari To determine Forty-eight C57BL/6 J Sensory function was Transgenic hESC
et al. whether human mice were divided into: enhanced in G5, could be used to
(2018) embryonic stem G1: suture; G2: suture resulting in support
[22] cells (hESC), either + HFB; G3: suture + heightened reflexes, regeneration. HFB
independently or in HFB + doxycycline; upon paw stimulation has the potential to
conjunction with G4: suture + HFB + ipsilateral to the aid nerve repair
HFBs, could aid in wild type hESC; G5: lesion, as evidenced and is thought to
regeneration in a suture + HFB + hESC by von-Frey promote superior
mouse model of off; G6: suture + HFB + evaluation, which functional recovery
sciatic nerve hESC + doxycycline. was corroborated by and improved
damage. immunohistochemistr motor neuron
y. reinnervation when
combined with this
therapy.
Leiteetal. To assess the Thirty-six Wistar rats G3 and G4 muscle The findings imply
(2019) effectiveness of HFB were divided into: G1: analysis indicated an a protective effect
[23] in association with control; G2: increase in muscle at the site of the
suture, with 1 or 3 denervated (6 mm weight, frequency of lesion due to the
stitches after gap); G3: 3 stitches fast fibers, and a use of HFB. The
ischiatic nerve injury. suture; G4: 1 stitch decrease in collagen reduction in
suture + HFB. infiltration, while G4 sutures lessens the
had better nerve trauma inflicted by
morphometric values the needle and
compared to G3. expedites the
surgical procedure.
Kempe et To determine Seventy-nine adult The association The  association
al. (2020) whether the female Lewis rats between HFB and DF with HFB and DF
[24] combination of underwent ventral root preserved demonstrated
pharmacological avulsion of L4-L6 motoneurons and neuroprotective
treatment with roots, followed by synapses, reduced and
dimethyl fumarate reimplantation and astrogliosis and immunomodulatory
(DF) and root daily DF treatment for microglial reactions, properties and 50%

reimplantation using
HFB could promote
neuroprotection,

preservation, and

four weeks. HFB was
utilized as an adjunct
to ventral root
reimplantation.

and downregulated
the expression of pro-
inflammatory  gene
transcripts.

of motor  function
recovery following
spinal cord root
injury.
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recovery of motor
function.

Pinto et To determine Forty  Wistar rats G1 exhibited normal G3 and G4 showed
al. (2021) whether the divided into G1: morphology. In G2 less fragmentation
[25] combination of HFB Control; G2: flattening of the NMJ of nAChRs, and
with a single stitch Denervated (6 mm (fragmentation of protein expression
has the potential to gap); G3: 3 stitthes nAChRs and tangled values suggested a
restore the function suture; G4: 1 stitch nerve terminals). G3 return of nAChRs
of the suture + HFB. and G4: most to a mat The use of
neuromuscular parameter values HFB in conjunction
apparatus following were similar to G1 with a single suture
sciatic nerve injury. and G2. G3 and G4: stitch reduced
planar area. surgical time,
minimized  suture
injuries, did not
affect nerve
regeneration, and
showed potential
for restoring the
NMJ apparatus.
Rodrigue To determine if Twenty-nine adult G4 showed improved PCL + HFB+ MSCs
z- Polycaprolactone Wistar rats submitted functional motor and promoted
Sanchez  Nerve Guidance to sciatic nerve injury electrophysiological = neuroregenerative
et al. Conduits (PCL- were divided into G1: recovery compared effects and
(2021) NGCs) produced by Sham; G2: autograft; to the G3 after 12 amplified the
[26] 3D printing with G3:PCL (empty NGC); weeks. G4 also trophic
canine Adipose- G4: PCL + increased the microenvironment,
derived HFB+ MSCs (NGC expression of resulting in a pro-
Mesenchymal Stem multi-functionalized neurotrophins  and regenerative state.
Cells (AdMSCs) with 106 canine tended to higher These findings
embedded in HFB AdMSCs embedded in reactivity of Schwann were  associated
could enhance nerve HFB). cells and axonal with a shift in the
regeneration  after branching. regeneration
sciatic nerve injury. process towards
the formation of
myelinated fibers.
Leiteetal. To assess the Fifty-two adult male In G4 the NMJs The HFB
(2023) impact of combining Wistar rats divided into presented association  with
[10] tubulization and HFB  G1: control; G2: morphological and tubulization
following peripheral denervated,; G3: morphometric resulted in nAChRs
nerve injury on the tubulization; and G4: similarities to G1 with stabilization
NMJ. tubulization + HFB. an increase in S100 highlighting the

and AChRe protein
expression and a
decrease in MyoD.

beneficial effect of
HFB when used in
conjunction  with
the tubulization
technique.
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Tiburcio To assess Forty male Wistar rats G4 had the highest HFB enhances the
et al. neuroregeneration divided into groups of 7 M2 macrophage area immune response,
(2023) and the immune or 30 days after nerve in both periods. After increases axonal
[13] response in the repair: G1: control; G2: seven days, the G4 regeneration,
context of denervated; G3: showed an increase induces
neuromuscular suture; G4: suture + in nerve area, angiogenesis,
recovery, using HFB HFB. number, and area of prevents severe
in conjunction with blood vessels. In this muscle
suturing  for  rat period, G4 was the degeneration, and
sciatic nerve repair. only one similarto G1 aids NMJ recovery.
in terms of the
number of axons.
After 30 days, the G4
was closer to the G1
concerning blood
vessels and central
myonuclear
numbers, NMJ angle,
and connective
tissue volume.
Kempe et To examine the Forty adult females HFB + DF Combining root
al. (2023) effects of combining divided into G1: association restoration with
[27] surgical repair of reimplantation + demonstrated: nerve HFB  and DF
lesioned roots with vehicle; G2: VRA sprouting, restoration administration
HFB and without reimplantation of the ‘G’ ratio, and proved to be
pharmacological + DF; G3: that most of the alpha neuroprotective
treatment with reimplantation + motoneuron and can enhance
dimethyl fumarate vehicle + HFB; G4: synapses were motoneuron
(DF). reimplantation + HFB + preserved in clusters. survival and
DF. These parameters regeneration after
were associated with proximal lesions.
up to 50% of gait
recovery, as the
walking track test
observed.
Bueno et To investigate the Twenty-one rats G5 and G6 presented HFB+LLLT had
al. (2023) application of HFB in divided into: G1: normal parameters positive effects on
[24] the repair of the control; G2: LLLT; G3: related to functional the morphological
buccal branch of the denervated; G4: analysis. G6 showed and functional

facial nerve (BBFN)
in conjunction with
photobiomodulation
(PBM), using a low-
level laser (LLLT).

denervated + LLLT;
G5: suture + HFB: G6:
suture + HFB + LLLT.

an increase in nerve
fiber diameter and
axon diameter
compared to G6. In
terms of muscle fiber
area, G6 was similar
to G1.

stimulation of the
BBFN, presenting
a favorable
alternative for the
regeneration of
severe injuries.
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3. Neuromuscular interaction

Nerves are formed by bundles of axons or nerve fibers, which are long and
slender projections of a neuron that typically conduct electrical impulses, connecting
different parts of the body to the central nervous system (CNS). Sensory signals are
transmitted to the CNS through sensory nerve fibers (afferents), and the resulting
response is carried by motor nerve fibers (efferents) to the target organs. Thus, a
mutual communication pathway is established between the CNS and the peripheral
areas of the body [1].

Among the motor nerve fibers, there is the lower motor neuron, a specialized
cell with a highly developed dendritic arborization. Its cell body is located in the ventral
column of the gray matter of the spinal cord, and its axons extend throughout the body
via peripheral nerves until they reach the target organs [28, 29], the skeletal striated
muscle, where it forms a morphologically, molecularly, and functionally specialized
region called NMJ. At this site, there is transmission and transduction of an electrical
signal (nerve impulse) and a chemical signal (neurotransmitters) from the motor
neuron to the muscle fiber, promoting muscle contraction. This junction presents a
major subclass of synapses in the mammalian nervous system, critical for the transfer
of information between the lower motor neuron and the skeletal muscle. It also
represents a conveniently accessible "model" synapse within the peripheral nervous
system [29].

3.1. Neuromuscular junction organization

The NMJs are small structures (30-60 um) when compared to the length of
innervated muscle fibers, and each skeletal muscle fiber is recruited by a single NMJ
[30]. The classic morphology of the NMJ, first described in rodents, is characterized as
a "pretzel" shaped structure, and changes in this structure are closely associated with
motor pathologies [28, 30]. The most common classification of NMJs divides them into
three closely associated cellular compartments (Figure 2):
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Figure 2. Components of the neuromuscular junction. Transmission electron
microscopy image of a Wistar rat soleus muscle NMJ. Sb (Synaptic button); (—) ACh
vesicle; (*) Junctional folds; (>) nAChRs cluster; (+) presynaptic membrane; (-)
postsynaptic membrane.

| - Presynaptic membrane (nerve terminal)

The terminal branches of lower motor neuron axons form synaptic boutons,
hosting synaptic vesicles carrying the neurotransmitter acetylcholine (ACh). This nerve
terminal holds various cellular constituents, including mitochondria, endoplasmic
reticulum, lysosomes, organic substances, and metal ions [31, 32]. Terminal or
perisynaptic Schwann cells (tSCs) are found in this region [33-35], they are non-
myelinating glial cells whose extensions cover the nerve terminals, protecting them
from chemical and mechanical injuries [36]. Additionally, tSCs are the main cells
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responsible for the structural plasticity of NMJs by perceiving possible alterations in
synaptic transmission [37, 38]. One to three tSCs surround the nerve terminal, and
actively participate in the development, maintenance, and repair of synaptic function
[30], in addition to producing a basal lamina that maintains the structure of the NMJ
[39].

Il - Synaptic cleft

The synaptic cleft separates the presynaptic nerve terminal from the
postsynaptic membrane by a narrow gap of 50 to 80 nm in width. It is filled with the
synaptic basal lamina, composed of molecules secreted by both the nerve terminal
and the associated muscle fiber [40]. This region houses crucial proteins for NMJ
stability, function, and upkeep, including those responsible for the clustering of nicotinic
acetylcholine receptors (nNAChRs) on the sarcolemma, such as agrin, laminins-4, 9,
and 11, matrix metalloproteinase-3 (MMP3), and collagen IV. Acetylcholinesterase
(AChE), essential for degrading ACh post-muscle contraction, is also concentrated
here [41, 42], culminating in the termination of neuromuscular transmission [43].

[Il - Postsynaptic membrane

The postsynaptic membrane compromises the plasma membrane of the muscle
fiber with junctional folds, where the nAChRs and the sarcoplasm of the muscle fiber
(cytoplasm) are located [34, 35]. These folds exhibit two distinct regions: the crest,
enriched with nAChRs and additional proteins like rapsyn, utrophin, and a-
dystrobrevin-1 to ensure stability; and the trough, hosting a-dystrobrevin-2, dystrophin,
NCAMs for muscle integrity and axonal guidance. Alongside these, voltage-dependent
sodium channels responsible for generating action potentials are also present [43-45].
The sarcolemma's invaginations amplify the postsynaptic membrane's surface area
and facilitate the juxtaposition of NnAChRs with the presynaptic zones, while sodium
channels extend within the sarcoplasm. Basal lamina encompassing extracellular
matrix components tightly enwraps the muscle fibers, connecting with the basal lamina
of the synaptic cleft produced by tSCs at the NMJ's periphery [43].

At the NMJ, nAChRs are the primary receptors in the muscle to establish
neuromuscular motor communication [46], thus maintaining and facilitating synaptic
transmission. Structurally, they comprise five subunits arranged in a rosette pattern,
which collectively form ion channels [47]. These receptors are distributed in two forms:
immature extrajunctional, present in embryonic muscle fibers, composed of subunits
two alpha (a), beta (B), delta (8), and gamma (y); and mature junctional, in which a (2),
B, and & subunits are maintained, and the y subunit is replaced by epsilon (g) [31].

Activation of nAChRs is initiated by the simultaneous binding of two ACh
molecules or other agonists at the juncture of the ad and ag subunits, thereby inducing
a conformational alteration that opens the ion pore and triggers its active state [48, 49].
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This active state's duration is modulated by the interaction between the receptor and
ACh molecules, promptly broken down by AChE, returning nAChRs to their quiescent
configuration [49]. In instances of injury or pathology, nAChRs often revert to an
embryonic pattern, featuring the gamma subunit instead of epsilon [50]. This exchange
of y- for e-subunits contributes to several changes in stability, kinetic, and transmission
properties [28]. There are also positive and negative signals involved in the
maintenance of the NMJ, and fundamentally, nAChRs clusters [30]. The main positive
signal is the binding that occurs in the Agrin/LRP4/Musk/Rapsyn pathway [25].

3.2. Pathophysiology of nerve injury

Following nerve transection, a cascade of physiological and metabolic
responses is triggered at the cellular level in the injury site and in the cell body of the
affected neurons in an attempt to stabilize the damage resulting from the injury [28]. In
neurotmesis, the nerve is divided into two stumps, distal and proximal to the site of
injury, which are subject to relatively distinct processes [51]. Shortly after, the process
of Wallerian degeneration (WD) begins in the distal stump, while the proximal stump
changes its gene expression profile, adopting a repair profile, inducing degenerative
changes followed by a regenerative process [30]. Shortly after axotomy, axons from
the proximal stump undergo a process of swelling, characterized by a reorganization
of the cytoskeletal structure to seal themselves through a fibrotic cascade to contain
leakage of the axoplasm [3].

In the distal stump, where axons lose contact with neuronal bodies, Wallerian
degeneration takes place, manifesting as myelin breakdown and axonal disintegration.
This process initiates with a rapid influx of intracellular calcium, triggering protease
activation and granulation within the axoplasm through the proteolysis of microtubules
and neurofilaments. This succession of events further undermines the organizational
integrity of the cellular structure [51, 52]. Within this milieu, damage-associated
molecular patterns (DAMPs) and pro-inflammatory agents, including tumor necrosis
factor (TNF-)a, interleukin (IL-) 18, and CCL2, activate the initial immune response,
mostly attributed to macrophages [53]. One of the primary functions of these
macrophages is the clearance of tissue debris, a role reinforced by Schwann cells
through myelin autophagy [54]. It is important to note that Schwann cells, fibroblasts,
and resident macrophages also contribute to the inflammatory milieu by releasing
proinflammatory mediators [55].

Furthermore, additional components of the immune system have been
associated with effective Wallerian degeneration, often through their modulation of the
macrophage-mediated response. Neutrophils are notably the first subset of cells to
infiltrate the injured nerve, driving initial tissue clearance and recruiting monocytes from
the peripheral circulation, which subsequently differentiate into macrophages [55].
Complement proteins and antibodies present in the serum enhance macrophage
attraction and response by opsonizing cellular debris, thereby facilitating phagocytosis.
The last cells to participate in the immune response within the damaged nerve are T
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lymphocytes [55, 56]. While recognized for their role in the amplification and regulation
of the inflammatory response, their specific function in nerve regeneration remains
underexplored. It's worth mentioning that nerve regeneration has traditionally been
correlated with distinct macrophage subsets: pro-inflammatory type 1 macrophages
(M1) driving the degenerative phase, and anti-inflammatory type 2 macrophages (M2)
guiding the regenerative phase [57]. These subtypes undergo polarization in response
to cues from the degenerative or regenerative environment, vyielding unique
phenotypes, metabolic traits, and functions [57]. However, classifying macrophages
solely into M1 and M2 categories oversimplifies the intricate cell landscape within the
nerve, where an array of macrophages expressing various pro- and anti-inflammatory
markers coexist.

Within tissue clearance, regeneration slowly begins at the proximal end of the
injury site and proceeds toward the distal segment. In this context, Schwann cells close
to the damaged region dedifferentiate, proliferate, and migrate to the lesion site. There,
they align up within endoneurial tubes, forming longitudinal columns known as bands
of Bungner, inside of which they release growth and trophic factors to stimulate axonal
elongation up to the target [5]. Importantly, the correct orientation of Bingner's bands
depends on a polarized vasculature, induced by macrophage-derived VEGF-A upon
hypoxia stimulus. Those newly formed blood vessels are essential for regeneration as
they serve as tracks, guiding Schwann cell migration across the wound and
subsequent axonal elongation [58].

In the proximal stump, neurotmesis evokes a retrograde response in neuronal
cell bodies [59]. Surviving neurons undergo a series of physiological and morphological
changes called chromatolysis, which is characterized by swelling and rounding of the
cell body, dissolution of Nissl granules, and eccentric displacement of the nucleus and
endoplasmic reticulum [1, 60]. These structural modifications are paralleled by a shift
in physiological cellular metabolism towards the synthesis of proteins involved in axon
regeneration [59], such as those related to the cytoskeleton and growth factors [51].
With the elimination of myelin debris, regeneration slowly begins at the proximal end
of the injury site and proceeds toward the distal segment. The severed axons produce
a large number of sprouts, closely associated with Schwann cells, forming several
growth cones in the distal direction.

On the other hand, the distance of the injury from the cell body implies a
worsening of the regenerative condition, as observed in sensory neurons, where the
closer proximity to the dorsal root ganglia is directly related to the number of dead
nerve cells [61] and a greater effective distance for regeneration. Strikingly, although
axons do regenerate, studies have demonstrated that the morphological recovery of
the nerve and muscle is not definitive for functional recovery, as there may still be
impaired synaptic functionality [62, 63].

Following the injury, nerve endings that formed NMJs are lost, and even with
successful axonal sprouting, the failure of reinnervation limits muscle function recovery
[64] (Figure 3A). Irregular nerve branching, poly-innervation [65], and collateral
reinnervation of muscle fibers commonly occur. Denervated NMJs suffer severe



70

degeneration and subsequent disintegration [66] and disassembly of their nAChRs and
anchoring proteins, which are fundamental for their function maintenance [67]. When
axons are damaged, they release DAMPs that activate tSCs. These tSCs, in turn,
release chemokines, which serve as guidance substrates, facilitating the formation of
tSCs bridges and thus promoting NMJ reinnervation [28, 39]. The nAChR-¢ subunit is
replaced by nAChR-y, altering the transmission of the electrical signal leading to
muscle failure and atrophy [68], as ACh is also no longer available at the synapse.

Denervation also leads to significant changes in the Agrin/LRP4/Musk/Ra
pathway, prejudicing the maintenance of NAChR clusters [69] and leading to alterations
of the area and conformation of the NMJ [10]. Shortly after injury proteins of this
pathway have increased synthesis but its complex disorganization leads to failure in
proper function, inactivation of MMP3, and accumulation of Agrin in the synaptic cleft
[28]. The NMJ microenvironment is also deprived of other retrograde and anterograde
signals that maintain its stability [28], in which activated tSC extend their processes
synthesizing nAChR in non-synaptic muscle regions.

In the regenerative process, the Agrin protein has a fundamental role in initiating
the receptor clustering pathway, remodeling, and returning the NMJs to their
conventional shape [30]. The LRP4 protein, dependent on Agrin for activation [69], also
has a fundamental role in the regenerative process, contributing to the activation of
tSCs after injury, which is responsible for guiding the reinnervation of NMJs in
denervated fibers [10]. Notably, active tSCs also maintain NMJ organization by
secreting substrates that regulate postsynaptic proteins, such as MMP3, which is
involved in basal lamina and endplate integrity [66, 70]. In the maintenance of
postsynaptic structures, other muscle-related proteins play a crucial role, as it has been
demonstrated that the prevention of denervation is associated with the increased
expression of MuSK, Dok7, and those involved in the ubiquitin-proteasome pathway,
such as MURF-1 and atrogin-1 [10, 28]. The shift of gamma to the epsilon subunit in
the nAChR serves as an indicator of regeneration, as it occurs only after reinnervation
and differentiation of the myotube.

Altogether, major cellular and molecular events take place and deprive not only
the associated nerve, Schwann cells, and muscle fibers but also the endplate, eliciting
a series of retrograde and anterograde signals that, even with morphological
regeneration of axons, can result in no definitive association with functional recovery.
Understanding the therapeutic niche in the NMJ, as an end-gate player, is essential to
provide positive outcomes after reinnervation, which includes not only reinnervation
through the arrival of regenerating axons to denervated postsynaptic muscle domains
but also its capability of synaptic activation (Figure 3B).
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Figure 3. Cellular and molecular events associated with muscle denervation and repair
at the neuromuscular junction level. Denervated (A), healthy (B), and HFB repaired
(C) neuromuscular junction. Following nerve injury, all components of the NMJ are
hindered and the Agrin/LRP4/Musk/Rapsyn signaling pathway plays a significant role
in the NAChRs cluster formation and NMJ maintenance.

4. Approaches to Peripheral Nerve Repair

In recent years, several approaches have been tested and used to restore
functionality to the injured nerve [71, 72]. Most experimental models use rodents
performing surgical lesions of the facial, ulnar, or sciatic nerves [73]. Treatments that
result in complete morphologic and functional recovery are still a challenge for medical-
surgical practice. The main difficulties are related to nerve reconnection and
regeneration itself, in which regenerating axons fail to select their original endoneurial
tubes [51], local revascularization, prolonged period of injury without medical
intervention, progressive loss of regenerative character in Schwann cells, and atrophy
of the innervated organs [51, 74-76].

Among the techniques for correcting nerve transection, end-to-end
neurorrhaphy is the gold standard [46]. This type of neurorrhaphy is only possible when
the nerve stumps are preserved, visible, and intact, without tissue loss, and there is no
tension for re-approximation and reconnection of the stumps [11]. When such
favorable characteristics for reconnection are not present, other techniques are used,
including end-to-side neurorrhaphy [77], grafts and conduits [10, 22], and the use of
tissue repair adjuvants such as fibrin sealants [78] and photobiomodulation [79].
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Over the years, suture materials and techniques have presented problems and
limitations, which motivated research on adhesive materials that can bond tissues. The
first research on hemostatic and adhesive agents began around 1940, during World
War Il when fibrin glue was proposed. The fibrin glues or sealants, which can connect
tissues more quickly, are important as they promote tissue adhesion and hemostasis
[7]. At that time, a mixture of human fibrinogen and thrombin was mainly applied to
areas of skin affected by war wounds. The structural characteristics of fibrin(ogen) can
be encapsulated by the processes of fibrin polymerization and cross-linking. These
processes facilitate a multitude of biological functions, which include, but are not limited
to, thrombin binding, fibrinolysis, the control of coagulation protein activity, the binding
of growth factors, and interactions with various cells [80].

In the 1970s, the concept of fibrin glue was re-evaluated, leading to the
introduction of the first commercial sealant, Tisseel (Baxter International, Inc.,
Deerfield, IL), containing human fibrinogen and bovine thrombin. These sealants have
been successfully marketed for years [72, 81, 82]. However, its commercialization was
suspended and its use was prohibited in the USA by the Food and Drug Administration
(FDA) agency in 1978, due to the risk of transmission of infectious diseases conveyed
by human blood-derived products [7, 82]. In the early 1980s, the discovery of the
human immunodeficiency virus added credibility to the FDA's position, which feared
widespread viral transmission [8]. However, in May 1998, the FDA revoked the
suspension and approved the clinical application of fibrin sealants in the USA, when
they were once again marketed [8].

Fibrin sealants are adhesive substances that mimic the final stages of blood
coagulation. They form a stable, physiological fibrin clot which aids in wound repair. In
addition to this, they serve two other primary functions. Firstly, they provide physical
support for the extracellular matrix. Secondly, they facilitate the delivery of treatment
compounds. This is made possible by their capacity to maintain the biochemical factors
and original properties of implants [80, 83-85]. Therefore, they reduce the risk of
bleeding, allow for the use of fewer sutures, and protect the injured environment
against infections by microorganisms [85, 86]. They also allow for a decrease in
inflammatory reactions, a lower incidence of trauma due to sutures [1, 78], and faster
surgery and recovery, due to easy and fast applications in emergency conditions,
allowing for a non-experienced surgeon to perform the repair. Whitlock et al. [87]
investigated experienced and novice surgeons regarding the speed and quality of
nerve repair in rodents, and showed a shorter surgery time in both scenarios with
sealant repair, instead of sutures, and still, equivalent quality in sealant repairs
between surgeons, demonstrating a faster learning curve.

In general lines, fibrin sealants are produced in two ways: from autologous or
homologous blood derivatives. Autologous sealants use the patient's blood. Although
they are biocompatible and do not present a risk of transmission of infectious diseases,
they are not viable in surgeries and emergency applications. As an alternative,
homologous fibrin sealants, produced by a pool of human blood, have been used.
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However, in these cases, there are risks of transmission of infectious diseases such
as hepatitis, HIV, and human parvovirus [14]. In addition to having a high cost of raw
materials, with a need for blood extraction of bovine or human thrombin and human
fibrinogen. Due to their composition with human blood, another common problem is
rapid fibrinolysis, which starts less than 24 hours after application and prematurely
detaches the nerve stumps [14].

Even with its not-so-recent introduction in human clinics, there is still no
consensus on the use and efficacy of fibrin sealants for nerve repair, with a
predominance in the literature of studies with rodent models, and few evaluations in
humans [9, 78]. The use of sealants is still not approved by regulatory agencies such
as the FDA for nerve repair, but the interest in this therapy, not only for nerve
reconstruction, is growing. In a study with American surgeons, Owosu et al. [88]
showed that a portion of them already use or consider using fibrin sealants in repairs,
although there is still a preference for suturing as the main repair technique. The lack
of data on the results and knowledge of the treatments were identified as the main
barriers to the use of adjuvant therapies. However, most surgeons are open to the
possibility.

Regarding efficiency in nerve repair, several studies show beneficial effects
associated with the application of sealants, alone or with sutures, at the site of the
injury. A systematic review conducted by Sameem and collaborators [78] supports,
with the majority of studies in rodents, an equal, if not superior, performance in repair
with fibrin sealants compared to micro-sutures only, based on histopathological,
biomechanical, and electrophysiological characteristics. However, in treatments with
sealant only, cases with difficulties such as complete failure and gaps in neural
reconnection were also observed. A recent systematic analysis [9] indicates that nerve
regeneration may be similar in fibrin glue repairs and/or suture repairs, but the use of
fibrin glue significantly reduced operation times, which may pose both clinical and
economic benefits. However, fibrin glue alone was reported to result in lower strength
and more dehiscence [9, 89].

Until today, commercially available fibrin sealants are produced from both
bovine and human thrombin and fibrinogen (homologous), which present
disadvantages and risks, so that in addition to being transmitters of infectious diseases,
they can generate fibrosis, toxicity, and necrosis [1]. They can also lead to the
development of antibodies against bovine thrombin, and anaphylactic reaction to
bovine proteins, among other adverse reactions [7, 82].

5. HFB in nerve repair

Considering the disadvantages present in commercially available fibrin
sealants, a group of researchers from the Center for the Study of Venoms and
Venomous Animals (CEVAP) at Sao Paulo State University, Botucatu, S&do Paulo,
Brazil, began to standardize a new fibrin sealant in the 1990s. The HFB is a unique
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heterologous fibrin worldwide, as it does not use human blood, and does not transmit
infectious diseases. In addition, it is a natural, biodegradable, bioabsorbable, and non-
toxic biopharmaceutical with excellent adhesive capacity, and can be used in several
surgical procedures.

Compared to other clinically used commercial fibrin sealants, it has a low
production cost, high availability of raw materials for its manufacture, and the possibility
of adapting its formulation according to the type of procedure [82]. Its formulation
allows its use in clinical medicine and various surgical procedures, such as skin grafts
and surgical reconstructions, aiding in hemostasis, colostomy, and suture
reinforcement [11, 14]. Furthermore, its healing power was tested in 40 patients of a
phase I/l clinical trial for the treatment of chronic venous ulcers. Clinical results showed
it as a safe, non-immunogenic product with promising efficacy. This is because there
was an improvement in the quality of the ulcer bed, a significant reduction in the ulcer
area, and healing in several patients [90, 91].

In the last years, HFB has been used in association with sutures (Figure 4) and
other therapeutic factors to enhance or face difficulties in the current gold-standard
treatment for nerve injury. Generally, in the face of a nerve transection, the application
of HFB demonstrated positive results in reducing mechanical trauma to the nerve
(points of suture) [23], obtained better or similar morphological and/or molecular
performance when adjunct to traditional suture [7, 13, 23, 25], demonstrated easy
usability with good adhesive capacity [17], and good biocompatibility with other
materials [26, 92] (Figure 3C). Its healing power has been gaining attention and
demonstrated valuable potential as an adjunct to enhance regeneration and motor
function (Table 2).



75

Figure 4. Nerve integrity of healthy and HFB-repaired nerves. Scanning electron
microscopy of healthy (A) and HFB-repaired (B) nerves. Surface detail of epineurium
can be seen in a and b. (white arrow) nylon suture thread; (white ball) HFB-
associated connective tissue.

Table 2. Current strategies and potential therapeutic strategies aligned to HFB use for

traumatic peripheral nerve injury.

Strategies Intervention Comments
(neurorrhaphy)
Alone HFB as an adjunct to HFB demonstrated angiogenic, neuroprotective,

[13, 17, 19, 20, 23,
25, 93]

1 to 3 stitches

and immunomodulatory properties, which can
enhance tissue regeneration, motor function, and
wound healing, but satisfactory outcomes have not
yet been achieved. The use of HFB also reduces
trauma and the number of stitches.

Nerve conduit

[10, 18, 26]

HFB embedded
tubulization with suture

This association suggests a trophic action of the
treatment, potentially accelerating regeneration
through an increase in regeneration-associated
factors, such as those related to Schwann cell
reactivity (S100) and Agrin/Rapsyn/LRP4/Musk
signaling pathway for the NMJ maintenance.
Polycaprolactone has demonstrated good
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biocompatibility with HFB, surpassing other fibrin
sealants.

HFB as a scaffold for
Embryonic Stem Cells,

Cell-based Therapy
[16, 18, 22, 26, 94-

96 Mesenchymal Stem
] Cells, and Mononuclear
Cells

HFB improves the effects of cell therapy by
promoting an environment that enhances each
particular scenario, such as growth factors release,
and increased cell survivability resulting in
neuroprotection.

Photobiomodulation

[17, 19, 20, 93]

HFB as an adjunct to
Low-level laser therapy
with and without suture

HFB in association with LLLT has demonstrated a
strong capability to accelerate myelination and
functional recovery of innervated muscles. HFB
allows nerve manipulation without trauma and

enhances the nerve regeneration process.

Adjunct to suture alone

For short nerve injury gaps (< 1 cm), neurorrhaphy is commonly employed,
repairing both proximal and distal ends, but the use of sutures can lead to inflammatory
reactions such as granuloma and neuroma formation. In the last years, our group has
been studying the effects of combining HFB with neurorrhaphy, also shading light to
the NMJ recovery (Figure 5). HFB plays a crucial role in the healing process as the
combination of fibrin with proteins enhances angiogenesis, wound contraction,
collagen synthesis, and re-epithelialization. Further, it was able to reduce trauma in
reconstruction to minimize the damage and inflammatory responses.

In a recent study, we demonstrated the early beneficial effects of the use of HFB
in conjunction with two sutures for the repair of transected sciatic nerves in rats [13].
HFB application in comparison to suture alone improved overall nerve regeneration,
with increased axonal growth and tissue vascularization (angiogenesis), proper
restoration of neuromuscular junctions, reduced severe muscle degeneration (collagen
infiltration), and enhanced relative area of M2 markers, 7 and 30 days after
reconstruction. Remarkably, macrophages play a significant role in phagocytosis and
cytokines releasement in the denervated NMJ immune response, and its balance
between pro- and anti-inflammatory effectors at different phases of NMJ reinnervation
appears to be crucial [64].
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CONTROL DENERVATED HFB REPAIRED
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Figure 5. Neuromuscular junction morphology. Healthy (A, a), denervated (B, b), and
HFB (C, c) repaired states, through nAChRs staining (confocal microscopy) with alpha-
bungarotoxin and by non-specific esterase staining, which is based on the marking of
positive esterase sites that contain AChE, leading to visualization of the entire NMJ
morphology [97].

Sixty days after nerve reconstruction [23], with a 7-day interval between sciatic
nerve injury and neurorrhaphy after 60 days of reconstruction, the association of HFB
with one suture point showed restoration of nerve impulse and better axonal
regeneration than suture alone. Ultra-structurally, the NMJs and associated muscle
fibers of the HFB-treated groups showed proper regeneration. In this same study
design [25], the use of HFB associated with a single suture point, compared to two
suture points, reduced surgical time and showed potential to restore the microstructure
of NMJs, as less degeneration was present and nAChRs/proteins associated with the
mature pattern were observed to return. In addition, immature receptor values (y) in
the HFB group were lower than those in the suture-only group.

Multimodal approaches (cell-based therapies and nerve conduits)

Another therapeutic option for nerve injury is the use of nerve conduits, which
serve as a bridge between the proximal and distal stumps, providing a scaffold for
axonal regeneration [1]. This approach prevents intrusion of nearby tissues, guides the
regeneration, and makes the repair site less prone to infiltration by fibroblasts and
adverse inflammation, which may decrease fibrosis and improve overall nerve mobility
[3]. HFB has already been associated with nerve conduit strategies and has
demonstrated good biocompatibility with the polycaprolactone (PCL) grafts, which has
been a challenge for other commercially available fibrin sealants [26], improving
general regeneration (Table 2).

Our group used a PCL graft in addition to one suture point associated with HFB
[10], and after 90 days of nerve reconstruction, although not fully regenerated, as



78

indicated by the nAChR cluster area, the compactness and endplate area of NMJs in
the treated group were the only similar the Control, suggesting a better morphological
approximation between the groups. Notably, it also demonstrated an increase in the
expression of LRP-4, S100, and nAChR-¢ proteins, and a decrease in MyoD,
suggesting a positive influence on the neurodegenerative process, where the LRP-4
activates tSC, thus maintaining higher reinnervation of NAChRs and reducing muscle
atrophy. The treatment favored a faster recovery in motor function assessment by
improving print area when compared to suture alone. Indeed, the nerve guidance with
HFB also enabled an approximation to the control group in terms of protein expression
of Agrin, LRP-4, Musk, and Rapsyn.

Another promising augmentation method is cell-based therapy, which is a way
of enhancement that can speed up the self-healing process and is currently under
extensive research for stimulating regeneration after nerve injury [98]. The therapy
employs stem cells due to their inherent ability to self-replicate and differentiate into
specific cell types [1], which culminates in the release of neurotrophic growth factors
and the myelination of axons. Schwann cells, the primary functional cells of the
peripheral nervous system that promote myelination and regeneration, are the
preferred initial seed cells, but other cell types have also been used and have achieved
remarkable results [99]. For successful cell transplantation and adhesion at the injury
site, an appropriate scaffold is necessary. HFB has demonstrated good
biocompatibility, while further enhancing the power of regeneration-associated factors
of the cell lineage and also improving the survival of the cells (Table 2).

The first study utilizing this association was conducted by Mozafari et al. [22],
who observed axonal regeneration and sensory function improved using HFB with
embryonic stem cells in a rodent model 60 days after sciatic nerve injury, where the
combined effect was successful in supporting Schwann cells at the injury site and HFB
facilitated the application and stabilization of the stem cells. In another study,
Rodrigues-Sanchez et al. [26] used HFB as a base for PCL graft and canine adipose
mesenchymal stem cells, observing that this multimodal approach supports the trophic
microenvironment, resulting in a pro-regenerative state after critical sciatic nerve injury
in rats. The treatment incorporated in HFB demonstrated enhanced motor function and
electrophysiological recovery compared to the PCL group after 12 weeks. These
results were linked to a change in the regeneration process favoring the development
of myelinated fibers. HFB is demonstrated to be very permissive for use in conjunction
with stem cells, allowing for an even more efficient regenerative process [92]. Further,
Cartarozzi et al. [18] observed similar results engrafting HFB with mesenchymal stem
cells in PCL conduits, where this association resulted in better reactivity of the glial
cells leading to better regeneration and compacting of myelinated axons, as well as
functional improvement in gait recovery. It was also observed that HFB enabled the
survival of the cells seeded in the tubular prosthesis.

Photobiomodulation

Also known as LLLT, photobiomodulation is an emerging therapy that is
increasingly being used for rehabilitation and functional restoration following injuries.
The therapeutic effects of LLLT are linked to tissue biostimulation. This therapy triggers
photoenergetic and photochemical reactions, leading to an increase in DNA and RNA
synthesis within the cell nucleus [100]. In turn, this promotes cell proliferation and
protein synthesis, including alterations in the action potential of nerve cells. For the
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treatment of nerve injuries, it has been reported that this therapy stimulates myelination
and axon regrowth by promoting Schwann cell proliferation [101]. In recent years, this
technique has been studied in association with HFB, which has shown promising
results, as HFB minimizes trauma and together exhibits strong regenerative power.

The initial study investigating this association was carried out by Buchaim et al.
[17]. This study, which also involved a nerve graft, noted the collateral regeneration of
axons from the vagus nerve into the autologous graft in all groups, but HFB+LLLT had
enhanced myelination. In a subsequent study, Buchaim et al. [19] reported a
comparable improvement in axonal recovery of the facial nerve post-suturing with the
HFB-repaired group, which showed the closest results to the control in all nerve
measurements. Additionally, the use of HFB facilitated the coaptation of the stumps
without causing trauma to the nerve fibers. Further, Rosso et al. [20], also in a facial
nerve model, observed better morphofunctional results in sutures or coaptation with
HFB associated with LLLT, with an advantage in reducing trauma in the HFB group. In
another recent study, this approach improved axonal growth in the stump distal to the
lesion and minimized the atrophy on innervated muscles after experimental facial
nerve transection [93]. HFB+LLLT had positive effects on the morphological and
functional stimulation of the nerve, with the greatest regeneration for axon area and
diameter.

Photobiomodulation and HFB were also assessed in other regenerative
approaches, such as in bone, tendon, and skin repair [102-104]. All these
investigations have revealed positive outcomes, underscoring the potential
enhancement achievable through the synergistic use of HFB with other therapies.
Unfortunately, no data was obtained regarding the NMJ regeneration process.

HFB in spinal cord injuries

Due to the proximity between the CNS and PNS interface, learnings can be
made for the treatment of nerve injuries based on the use of HFB in CNS lesions, which
has also been a hot topic approach. Spinal cord injuries result in a significant loss of
motor and sensory functions. Ventral root avulsion, an experimental model, involves
the detachment of the ventral (motor) roots from the spinal cord’s surface. This leads
to numerous morphological alterations, including the degeneration of motoneurons and
rearrangements in the local spinal cord circuitry. Further, it has several commonly
observed pathologies for nerve injury, such as WD.

In a rat ventral root avulsion model, Barbizan et al. [12] demonstrated that the
root replantation with HFB enhanced motor recovery preserved the synaptic covering
of the motoneurons, and improved neuronal survival. Barbizan et al. [16] further
demonstrated that ventral root avulsion repair with HFB as a scaffold for mononuclear
cells enhanced motoneuron survival and neurotrophic factor expression levels. In the
same model, Spejo et al. [21] reported a potential immunomodulatory effect with
increased expression of M2 macrophage marker genes and pro- and anti-inflammatory
cytokines, along with greater neuronal survival when combined with HFB
reconstruction. Kempe et al. [24] demonstrated a 50% increase in motor function,
neuronal and synaptic survival, and immunomodulatory effects with the use of HFB,
compared to its absence when combined with dimethyl fumarate after ventral root
avulsion. Kempe et al. [27] further demonstrated the preservation of alpha motor
neuron synapses and survivability of its associated sciatic nerve with spouting and
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restoration of proper myelination and axon diameters by the combined treatment
through ultrastructural evidence. Paes et al. [105] used HFB as a scaffold for human
dental pulp stem cells for reimplantation after ventral root avulsion and also observed
higher neuronal survivability and downregulation of glial reactivity, while also
enhancing motor function in catwalk analysis.

All those works, for both peripheral and CNS injuries, highlight the HFB potential
as an excellent scaffold for adjunct stem cell therapy and drug delivery systems.
Indeed, the treatment of motor neuron injuries with HFB demonstrated improvement in
tissue regeneration and motor function, although, in a different environment, the axon
regeneration process was also enhanced.

Limitations and difficulties

Based on these presented studies and current strategies, which investigate the
HFB association with nerve regeneration, further combinations with other therapies,
such as regeneration-associated factors (growth factors), may enhance positive
benefits. HFB readily allows for the encapsulation of bioactive complexes in its
formulation, including growth factors, cytokines, drugs, and nucleic acids, which may
further improve the therapy effect. Further, although remarkable results have been
achieved with cell therapy, no studies have been conducted using Schwann cells,
which are the most studied therapeutic model for nerve injury.

In relation to HFB volume, there is no current consensus on when it is used in
nerve repair. The values range from 100 pL (2 drops) to 500 uL (10 drops). Despite
this variability, it is believed that the healing effect, or the support provided by the
scaffold therapy may not be compromised.

Regarding NMJ regeneration, no data was found on its association with cell
therapy and photobiomodulation. Studies of the NMJ are crucial to understanding the
sequence that extends from the central stimulus to the nerve-muscle tissue targets;
this is particularly important as most therapies, while offering certain morphologic
benefits, also present limitations related to motor function. The neuromuscular
plasticity observed following nerve injuries and the subsequent reinnervation of
muscles is remarkable, however, this may not be sufficient to restore fine movements
due to the considerable misdirection of regenerating nerve fibers and failures or
insufficiencies in NMJ reinnervation following injuries.

Another challenge lies in the development of pharmaceuticals that adhere to good
manufacturing practices and produce consolidated, reproducible batches. To address
this, CEVAP is launching the first Brazilian Contract Development and Manufacturing
Organization (CDMO) [106]. This organization will provide services to both the public
and private sectors by producing validated samples for clinical trials and offering
academic training in translational science research. Furthermore, CEVAP is currently
seeking support to conduct a Phase Il multicenter clinical trial to validate the HFB
findings, register with the Brazilian Health Regulatory Agency, and distribute the
product throughout Brazil via the Unified Health System network.
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6. Conclusion

Peripheral nerves inherently possess the ability to heal after an injury. Fibrin
sealants have proven to be valuable in regenerative and surgical applications,
particularly in cases of nerve injury. However, there’s a limited recovery window before
tissue degeneration obstructs the regeneration process and reconnection to the target.
Despite the high costs and use of human blood associated with commercial sealants,
HFB presents as a viable alternative. The use of HFB, in conjunction with conventional
sutures, has been shown to enhance this regenerative effect, also reducing the number
of suture points and surgical time. Moreover, HFB has an enhancing potential as a
scaffold for other adjunct therapies, such as cell-based therapies and drug delivery
systems, further improving the regenerative process.

Heterologous fibrin biopolymer provides a more conducive regenerative
environment for nerves, muscles, and associated NMJs compared to sutures alone
and has several advantages in relation to other fibrin sealants. Indeed, it has
demonstrated a good capability of maintaining a less degenerated NMJ
microenvironment and promoting early onset regeneration after injury. While clinical
trials are necessary to establish definitively the benefits of fibrin sealants in human
nerve repair, HFB shows significant promise as a potent bioproduct ready for clinical
trials and eventual integration into clinical settings. Further research is warranted to
determine if its use over extended periods post-treatment could lead to improved
functional outcomes. The CMDO initiative will facilitate the translation of
biopharmaceuticals from bench to bedside and pave the way for the international
expansion of HFB.
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Abstract

Complete sectioning of the nerve (neurotmesis) results in the blockage of nerve
conduction, leading to changes in the peripheral nervous system as a series of
pathophysiological and metabolic responses occur to stabilize and repair the injured
tissues. A critical concern arises from the disruption of connections and degeneration
of neuromuscular junctions (NMJs), leading to profound atrophy and substantial loss
of muscle function, impairing motor tasks and quality of life. The gold standard
technique, neurorrhaphy, is insufficient for achieving significant motor recovery. A
promising adjunct candidate is the heterologous fibrin biopolymer (HFB), a Brazilian
sealant that is entirely biological and free from human blood, which has been
demonstrated to overcome the limitations associated with traditional sealants while
mitigating degeneration in nerves, muscles, and NMJs postinjury, thus promoting a
more conducive environment for subsequent regeneration. However, questions about
its late regenerative effects remain unexplored. In this regard, we investigated the
effects of nerve reconstruction via neurorrhaphy associated with HFB 120 days after
injury and repair of the sciatic nerve in Wistar rats, addressing aspects of the peripheral
nervous system (nerve, NMJ, and muscle). Thirty-two adult male Wistar rats were
randomly distributed into four experimental groups: Control (C), where the right sciatic
nerve was visualized; Denervated (D), where neurotmesis was performed with removal
of a 6 mm fragment of the sciatic nerve; Neurorrhaphy (N), after neurotmesis, where
the stumps of the injured sciatic nerve were reconnected by neurorrhaphy; and
Neurorrhaphy + HFB (NB), in which HFB was added after neurorrhaphy. At 120 days,
the fibular nerves and cranial tibial muscles were collected. For nerve integrity, the
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number of intact axons increased in the NB group, notably indicating an increase in
the frequency of axons with a healthy G ratio/axon diameter ratio. With respect to
NMJs, a closer approximation of the normal morphological parameters was observed
in the NB group. Furthermore, NB increased the nAChR alpha-1 subunit and Rapsyn
expression. This may have benefit muscle morphology, which demonstrated that
groups NB and C exhibited healthy and proximal myofiber characteristics, group D
exhibited degenerated fibers, and group N exhibited intermediate myofiber
preservation. Overall, we suggest that the substantial increase in the number of
regenerated axons in the NB provided further muscle reinnervation and prevented
muscle degeneration. These findings highlight the beneficial effects of HFB in nerve
repair, surpassing those achieved by neurorrhaphy alone.

1. Introduction

Nerve injuries are considered prominent health problems, with signs and
symptoms varying according to the intensity of nerve damage (113). Despite the vast
availability of information related to pathological mechanisms and recovery, treatments
that ensure complete morphological and functional recovery in moderate to severe
cases are not yet well established. The treatment options available for this type of injury
depend on microsurgical repair interventions, and although neurorrhaphy is a well-
established technique for treatment (113), it is insufficient for satisfactory motor
restoration alone.

Faced with complete transection of the nerve, or neurotmesis, the main concern
is to ensure nerve continuity, enabling axonal regeneration toward peripheral recovery
from the injury. This occurs because the disconnection of the motor unit separating
motor neurons from muscle fibers results in neuronal loss, nerve fiber degeneration,
and functional loss of the target skeletal muscle (1, 25). Thus, a cascade of
physiological and metabolic responses is triggered in an attempt to reverse the
damage resulting from the injury (23). While the distal stump of the injured nerve
undergoes Wallerian degeneration, manifesting as myelin breakdown and axonal
disintegration, the striated skeletal tissue, deprived of its source of electrical stimuli,
faces stimuli that trigger muscle atrophy and connective tissue infiltration. Additionally,
the nerve endings where neuromuscular junctions (NMJs) are formed suffer
fragmentation (80) and disaggregation of their nicotinic acetylcholine receptors
(nAChRs) and anchored proteins, which are fundamental for maintaining their function

and enabling muscle contraction (81).
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The main difficulties related to achieving satisfactory motor recovery are related
to the reconnection and nerve regeneration itself, where regenerated axons fail to
reach their original endoneural tubes (54) or there is difficulty in local revascularization,
progressive loss of the regenerative character in Schwann cells, atrophy of the
innervated organs and the prolonged time between medical intervention after the
injury, which are crucial factors that interfere with the positive outcome (9, 54, 60, 90).
Given these difficulties, an emerging adjunct candidate is the heterologous fibrin
biopolymer (HFB) (25).

This biopharmaceutical product, originating from Brazil, is composed of a
thrombin-like enzyme derived from rattlesnake venom and fibrinogen obtained from
buffalo blood (102). It stands out globally as a unique heterologous fibrin that does not
contain human blood, thus eliminating the risk of transmitting infectious diseases. This
biodegradable, bioabsorbable, and nontoxic product boasts superior adhesive
properties and can be utilized in a variety of surgical procedures (91, 102). Compared
to sutures, HFB creates a more favorable environment for regeneration while also
offering numerous benefits over other commercial fibrin sealants (25).

Several studies have previously demonstrated positive outcomes for the
association of HFB with nerve tissue reconstruction in the early to medium (7 to 90
days) regenerative period, in which it has immunomodulatory (107, 114, 115),
angiogenic (107) and neuroprotective (44, 65, 77, 106, 107, 116-118) properties (for
an in-depth review, please see (25)). Indeed, it has demonstrated a good ability to
maintain a less degenerated nerve-muscle-NMJ microenvironment and promote early-
onset regeneration after injury. Here, 120 days after repair, we further demonstrated
that HFB consolidates the establishment of a more conducive regenerated
environment than isolated sutures, providing greater nerve integrity, which

consequently prevents severe cases of atrophy and muscle fibrosis.

2. Methods
2.1. Animal care
Thirty-two adult male Wistar rats aged between 90 and 95 days with an average
body weight of 300 g were used from the Central Animal Facility of Unesp, Botucatu
Campus. Throughout the experimental period, the animals were kept in the Rodent
Animal Facility 5 of the Experimental Research Unit (Unipex) of Botucatu Medical
School (FMB/Unesp) in polyethylene boxes (measuring 40 x 30 x 15 cm) with solid
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bottoms lined with sawdust substrate under controlled conditions of luminosity (12 h
light/12 h dark), temperature (22 £ 2 °C), filtered water and Presence® feed ad libitum.
The animals were randomly distributed into 4 experimental groups: the control (C),
denervated (D), neurorrhaphy (N), and neurorrhaphy + HFB (NB) groups. All
mentioned procedures were approved by the local ethics committee and were
registered under the number CEUA-FMB:1402/2021.

2.2. Surgeries

The animals were anesthetized through intraperitoneal injection of an anesthetic
solution containing ketamine (Dopalen®, 70 mg/kg) and xylazine (Anasedan®, 30
mg/kg). After trichotomy of the right pelvic limb, the animals were positioned in the
ventral decubitus position, and the front and hind legs were kept in abduction.
Lidocaine (7 mg/kg) was applied at the incision site and subjected to antisepsis with
iodized alcohol, followed by an incision on the lateral face of the thigh, from the height
of the greater trochanter to the knee, with exposure of the right sciatic nerves.

In the animals in group C, only the location and visualization of the sciatic nerve
were performed, and then the soft tissues and skin were repositioned and sutured
(Mononylon 7-0 and 5-0, Polysuture) (Figure 1A). In the animals in groups D, N, and
NB, in a standardized way, approximately 3 millimeters above the trifurcation, a nerve
lesion was generated by transection of the sciatic nerve (neurotmesis). In the animals
in group D, to avoid spontaneous regeneration, a 6 mm fragment of the nerve was
removed, and the proximal and distal stumps were inverted 180° and fixed in the
adjacent musculature, with simple points with nylon thread (Mononylon 10-0,
Polysuture) (Figure 1B). In groups N and NB, immediately after neurotmesis, the nerve
stumps were reconnected. In group N, the stumps were reconnected by end-to-end
neurorrhaphy (epineural anastomosis) with 2 stitches and nylon thread (Mononylon 10-
0, Polysuture) (Figure 1C). In group NB, nerve reconstruction was performed by
neurorrhaphy with 2 stitches followed by the application of 250 L of HFB (13) (Figure
1D), provided by CEVAP, Unesp Botucatu, SP, Brazil, whose components and
application formula are contained in its patents (Registration numbers:
BR1020140114327 and BR1020140114360)(102). At the time of use, the components
were thawed and reconstituted. The application was made through the simultaneous
placement of fraction 1 (125 L) with fraction 2 (125 L) - prepared immediately before
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the application, through the homogenization of equal amounts of fibrinogen and diluent
factor - at the site of the injury.

After nerve reconstruction was performed, the soft tissues and skin were sutured
at simple points using nylon thread (Mononylon 7-0 and 5-0, Polysuture), and the
animals were kept under surveillance and heating until recovery. Tramadol (5 mg/kg)
was then administered for pain analgesia, and enrofloxacin (Baytril®, 10 mg/kg) was
administered via subcutaneous injection to prevent opportunistic infections. For three
consecutive days, the postsurgical protocol included the administration of the
analgesic for 3 days every 24 hours and, if necessary, for up to 5 days, in addition to
the application of iodopovidone during the healing period at the incision site. After the
experimental period, 120 days after the surgery, the animals were anesthetized
through intraperitoneal injection of an anesthetic solution of ketamine (Dopalen, 70
mg/kg) and xylazine (Anasedan, 30 mg/kg). For the analyses of the cranial tibial
muscle, its associated NMJs and the fibular nerve, the tissues were collected fresh,
stored and immediately kept in an appropriate fixative solution (Karnovsky, freshly
made with 4% paraformaldehyde and 2.5% glutaraldehyde, or 4% paraformaldehyde)
or frozen. After the collection of biological material, the animals were euthanized

through intracardiac injection of thiopental sodium.
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Figure 1. Images of the experimental surgical procedure showing nerve assessment in the control (A),
denervated (B), neurorrhaphy (C) and neurorrhaphy + HFB (D) groups. (p): proximal stump; (d): distal

stump; (red arrowhead): location/point of neurorrhaphy; (*): polymerized HFB.

2.3. Muscle integrity analysis (n=5)

The animals were weighed and anesthetized, and the cranial tibial muscles
were removed, cleaned in saline solution, dissected, and weighed for subsequent
calculation of the relative weight of the muscle (muscle weight/animal weight *100) for
each animal.

For the ultrastructural analysis of muscle fibers, portions of the cranial tibial
muscle were sectioned into rectangles and stored in Karnovsky solution for later
processing, and longitudinal sections were obtained. The material was processed
following the routine of the Electron Microscopy Center of the Institute of Biosciences
(CME/IBB/UNESP) and was photodocumented using a transmission electron
microscope (TECNAI Spirit, Fei).
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The distal ends of the cranial tibial muscle were sectioned and fixed in 10%
buffered formalin for 24 hours, washed in running water for 48 hours, submerged in
Paraplast® and sectioned with a microtome (4 um). Two histological slides were made
for each animal from each experimental group. After staining, the slides were
photographed at 200x magnification on an Olympus Bx41 microscope (SC30 camera).

The first slide was subjected to H.E. staining, and approximately 400 muscle
fibers from 3 to 4 random fields were subjected to morphometric analysis of the area,
perimeter, circularity, minimum and maximum diameter, Feret diameter, minimum
Feret, angulation and Feret angle of the muscle fibers and counting the number of
central nuclei. These measurements were analyzed using ImageJ software (v.1.53)
(110).

The second slide was subjected to Picrosirius Red staining, in which the
connective tissue was stained red and the muscle fibers were stained yellow. The
guantification of the connective tissue was performed via percentage analysis of the

total muscle sections through the threshold tool of ImageJ software (v.1.53).

24. Assessment of neuromuscular junctions (n=5)

For the characterization of the NMJs, entire longitudinal sections of 400 um of
the right cranial tibial muscle were made using a vibratome (Hyrax V50 Vibratome/Carl
Zeiss). These sections were preserved in Karnovsky solution and then subjected to
reactions with nonspecific esterase (119). Photomicrographs of the NMJs were
obtained with an Olympus Bx41 microscope (SC30 camera). Measurements of the
area, perimeter, minimum and maximum diameter, Feret diameter and minimum Feret

were taken for 50 NMJs of each animal with ImageJ software.

2.5. Fibular nerve analysis (n=5)

After the right fibular nerves were exposed, a fragment of approximately 1 cm
was removed and fixed in Karnovsky solution for at least 24 hours. Then, the fragments
were placed in fresh osmium tetroxide solution for 24 hours, washed in phosphate
buffer, stored in 70% alcohol and incubated with historesin. After this routine, the
blocks containing the nerves were sectioned transversely (2 um) on a Leica RM2265
ultramicrotome. The histological slides were counterstained with 1% toluidine blue in
ultrapure water and photographed on an Olympus Bx41 microscope (SC30 camera).

Images were obtained at magnifications of 100x, 400x and 1000x using immersion oil.
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Due to marked atrophy and degeneration, it was not possible to collect the
fibular nerves of the animals in the Denervated group. The nerves were analyzed
through ImageJ software (v.1.53) to determine the total number of axons and the area
and perimeter of the nerve fascicle using images at 100x and 400x, and the free
software “AxonDepSeeg” (111), which uses machine learning and neural networks to
perform morphometry of nerve fibers in an automated manner, was used to determine
the area and perimeter of the axon, diameter of the axon, area and thickness of the
myelin sheath, area and perimeter of the nerve fiber, and G ratio for all nerve fibers in
5 randomly chosen fields at 1000x magnification (totaling at least 50% of the fibers
present in the fascicle). After measurement from the AxonDepSeeg software, an
inclusion criterion was adopted to remove errors in which measurements with areas <

1 um were removed.

2.6. Protein expression analysis by Western blotting (n=5)

The proximal portions of the cranial tibial muscle were thawed, weighed,
sonicated, and homogenized in RIPA buffer supplemented with protease inhibitors (50
mg of tissue/100 uL of extraction buffer). The tissue extracts were extracted by
centrifugation for 20 minutes at 14000 rpm at 4°C. For each animal, the protein content
was determined using the Bradford method (Bio-Rad protein assay), and the
corresponding 50 micrograms of protein were applied to a polyacrylamide gel. After
electrophoresis, the proteins were transferred to nitrocellulose membranes and
incubated with the following primary antibodies overnight: the nAChRs Alpha-1
(1:1000, Santa Cruz, #sc-136130), Gamma (1:1000, Santa Cruz, #sc-13998) and
Epsilon (1:2000, Santa Cruz, #sc-376747); the proteins associated with cluster
formation of nAChRs: Agrin (1:1000, Abcam, #ab12362), LRP4 (1:1000, Abcam,
#ab174637), MuSK (1:1000, Bioss, #bs6473R), and Rapsyn (1:1000, Santa Cruz, #sc-
58585). After washing, the membranes were incubated for 1 hour with the following
secondary antibody: HRP-conjugated anti-rabbit IgG (1:10000, Santa Cruz, #sc-2005)
or HRP-conjugated anti-mouse IgG (1:5000, Abcam, #ab6728). The proteins were
visualized using a chemiluminescent substrate (AMERSHAM ECLTM PRIME, GE
Healthcare). Semiquantitative densitometry analysis of the bands was performed by
ImageJ software (v.1.53), and the data were normalized to the GAPDH expression
values (1:5000, Cell Signaling, #14C10) of the same membrane and are reported in

arbitrary units.
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2.7. Statistical analysis

All data related to morphological and morphometric quantifications and
statistical analyses were analyzed blindly by the principal researcher. The results of all
guantitative variables were compared between the groups, and before any analysis,
the normal distribution and homoscedasticity of the data were verified through the
Shapiro—Wilk test. Comparisons between the groups with an adherence to the normal
distribution of probabilities (all muscle, nerve, and NMJ morphometric analysis and
western blotting quantification) were performed by parametric analysis of variance
(ANOVA) for the model with one factor complemented with the Tukey multiple
comparisons test or by the nonparametric procedure (Kruskal-Wallis) complemented
by the Dunn test in the absence of adherence to the normal distribution (counting and
percentage analysis of muscle fibers). All the data were considered significant at the
5% level (p < 0.05). The data were analyzed with GraphPad Prism 9 software, and all

the graphs were generated with the same software.

3. Results
3.1. HFB promoted improved NMJ morphological recovery

According to the morphological analyses, in group C, NMJs with a regular and
circular shape were observed, similar to a “pretzel”, consistent with a healthy shape
(Figure 2A, 2a), while in group D, the NMJs were morphologically flattened and
exhibited evident fragmentation, which are typical characteristics of degeneration
(Figure 2B, 2b). In groups N and NB, an intermediate pattern was observed between
groups C and D (Figure 2C, 2c and 2D, 2d). In group NB, more NMJs with circular
shapes and continuous arms, tending toward the “pretzel” shape, were identified.

Morphometric analysis confirmed these findings, as group NB presented area
(Figure 2E) and perimeter (Figure 2F) values that were statistically similar to those of
group C. Furthermore, group NB exhibited superior values and differed from group N
in terms of the minimum diameter (Figure 21), minimum Feret (Figure 2J) and circularity
(Figure 2K), being the only group similar to group C, except for circularity. The Feret
diameter (Figure 2G) and maximum diameter (Figure 2H) of the NMJs in all the groups

were similar.
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Figure 2. Photomicrographs of the cranial tibial muscle (total assembly) of the control group (A),
denervated group (B), neurorrhaphy group (C), and neurorrhaphy + HFB group (D). The JNMs were
marked through the reaction of nonspecific esterase and visualized by conventional optical microscopy
with an increase of 200x (scale bar 50 um). Details: JNM at 400x (scale bar 20 um) (a, b, ¢ and d).
Graphs of the analyses of the area (E), perimeter (F), farthest diameter (G), maximum and minimum
diameter (H and 1), farthest minimum diameter (J), and circularity (K) of the NMJs of all the experimental
groups. The values are expressed as the average and standard error of the mean and were analyzed
by ANOVA followed by the Tukey test. Asterisks indicate statistically significant differences (*p<0.05;
**p<0.001; ***p<0.0001; ****p<0.00001).
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3.2. HFB prevented muscle atrophy and fibrosis

Analysis of the relative weights of the cranial tibial muscle (normalization of the
muscle weight by the total body weight of the animal multiplied by 100) revealed that
group C had the highest relative weight, followed by groups N, NB, and D (Figure 4A).
Group C was different from the other groups, while groups NB and N presented similar
values to each other, with all groups having higher values and differing from group D.

Regarding muscle fiber morphology, the NB and C groups exhibited normal
patterns with similar myofiber characteristics, exhibiting fibers in polygonal shapes with
peripheral nuclei and preserved endomysium and perimysium (Figure 3A-A’ and 3D-
D’). In group D, fibers were reduced in size, and there was a large infiltration of
connective tissue in the perimysium (Figure 3B’), in addition to a large number of
central nuclei (Figure 3B). Group N presented fibers within an intermediate pattern,
exhibiting shapes varying from polygonal to rounded, with varied sizes, in addition to
the presence of central nuclei and some infiltration of connective tissue (Figure 3C-C’).

Ultrastructurally, in group C, the myofibrils were organized, forming intact
sarcomeres with a straight Z line, intermyofibrillar mitochondria of variable sizes, and
T tubules organized in triads, as well as peripheral nuclei (Figure 3A”). In group D,
disorganization of the sarcomeres was observed in most of the myofibrils, with regions
containing fragmented Z lines and focal areas of injury, showing myelin, a
concentration of mitochondria, and abundant central nuclei (Figure 3B”). In groups N
and NB, the ultrastructure revealed recovery of muscle tissue, with organized
sarcomeres and few central nuclei, although focal areas of injury were still present
(Figure 6C” and 6D”). Qualitatively, a trend toward greater organization and
approximation of the sarcomeres in groups NB to C was observed, in addition to fewer

groupings of extracellular disorganization of the sarcomeres.
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Figure 3. Photomicrographs of cross-sections of cranial tibial muscle sections from the control,

denervated, neurorrhaphy and neurorrhaphy + HFB groups at 400x magnification (scale bar 20 pm)

stained with hematoxylin and eosin (A-D) and Picrosirius Red (A’-D’). Photomicrograph of the

ultrastructure of muscle fibers (A”-D”) in the control, denervated, neurorrhaphy and neurorrhaphy + HFB

groups at 4800x magnification. In the upper right corner, the details of the sarcomeres are shown at

11000x. Endomysium (—), Perimysium (*), central nucleus (red arrowhead), Z line (Z), Mitochondria

(M), Sarcomeres («——), Disarray (#) and central nucleus (white star)

According to the morphometric analyses of muscle fibers in the NB group

(Figure 4B), the perimeter (Figure 4C), maximum and minimum diameter (Figure 4D

and 4E), Feret diameter and minimum Feret (Figure 4G and 4H) values were found to

be significantly similar to those in group C and were also greater than those in group
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N for all these parameters. Group D presented lower values than did the other
experimental groups. In general, for all the mentioned analyses, group C presented
the highest values, followed by group NB, with groups N and D being further away in
values.

Furthermore, to assess compensatory hypertrophy in the regenerated fibers, a
relative frequency analysis (Figure 4J) of the area of all muscle fibers for each
experimental group was also performed, in which an approximation of group NB
(Figure 4J - blue) to group C (Figure 4J - red) was observed among all area intervals
of the fibers. Group N (Figure 4J - green) exhibited an increase in the number of
regenerated fibers with smaller areas in the interval from 400 to 2400 um. The same
trend was observed in group D (Figure 8J - brown), with a much larger absolute number
of fibers between the low-area intervals between 0 and 1200 pm.

In addition, regarding the number of central nuclei (Figure 4F), the quantification
of intramuscular connective tissue (Figure 4l), and the number of central nuclei, group
NB was also similar to group C and different from the other groups, presenting values
slightly greater than those of group C, while the highest values were observed in group

D, followed by group N.



100

*kkk

%%k

*kk

ek kk

*kk

*xk

&k ok ok

kK

Fkkk

<

*

Fokkk

Ak kkk

1 1
[]
]
T T
N NB

) I
o o o
o w
-

wir) Jaqiy ajosnw
J0 Jajawiiad

— 200+
150

1500
1000+
500

T
wr) 1aqyy sjasnw
jo ealy

i1
I Y

T T
o o o
o wn

200
1504

-

JbBrom aAneloy

Ak dkek

3k k

Fkkk

Ak k

LL

%k

%%

*%kk
Aok dkk
T
D

T
o o
o

150+
100+

sJiaql} a|asnuw Jo 19]anu
ledjuad jo JaquinN

I T T T T

(wr) 19q1) ajosnw
JO Jajawelp wnwiulpy

_H* m -
*
*
*L o L5
I 1§ T T
o o =3 o =]
«© © L N

(wr) Jaqiy sjosnw
10 JojoweIp WnWIXe

ek ok k

¥k kk

Kk ok k

Ak k

% %k %k

Adkk

* a g Fo

*

*

* ™ Lo
T T T T T
0 o 0 =] 2] o
N ] - -

(%) @nssi} aAl3oaUUO0D
JO ealR dAljR|9Y

*

I

L} Fo

[T, L
.

% Ak %k

| | T T T T
o o (=3 o o o
w - © o~ -~

(wr) Jaquy ajosnw
10 12194 WnWIuIN

L

*%
1

* L o
*

*

*L o L
I T T T

o o o o =]
@ © < N

(wr) Jaquy sjasnw
10 Jajowelp Jaia4

O

m C

mm D

mm N

mm NB
. I»:Illllllll..

0 400 800 1200160020002400280032003600400044004800

i |||I H.lh.l”.l\

1
o
w

J

1 1
o o
< ©

(%) Aouanbai4 aAnejay

20+
10
0

Area of muscle fiber (um?)



101

Figure 4. Graphs of the relative weight (A), area (B), perimeter (C), maximum and minimum diameter
(D and E), number of central nuclei (F), Feret diameter (G), minimum Feret (H), percentage of
intramuscular collagen (I) and relative frequency of the area (J) of the muscle fibers of the cranial tibial
muscle of all experimental groups (C-Control, red; D- Denervated, brown; N-Neurorrhaphy, green; NB-
Neurorrhaphy + HFB, blue). The values are expressed as the average and standard error of the mean
and were analyzed by one-way ANOVA followed by the Tukey test. Asterisks indicate statistically
significant differences (*p<0.05; **p<0.001; ***p<0.0001; ****p<0.00001).

3.3. HFB enhanced nerve integrity

The morphology of nerve fibers was normal in group C, with intact axons and myelin
sheaths (Figure 5A). In groups NB and N, intact nerve fibers of various sizes were
observed (Figure 5B and 5C), some of which showed signs of irregularity compared to
those in group C.

Regarding the morphometric values, the smallest values of the area and perimeter
of the nerve bundles were observed in groups NB and N, both of which were similar to
each other and different from those in group C (Figure 5D and 9E). Notably, although
they were smaller in size, group NBs, in relation to groups C and N, showed an
increase in the number of intact axons in the following order: NB > C > N (Figure 5F).

Concerning the parameters of area (Figure 5G), perimeter (Figure 5H), and axon
diameter (Figure 5J), the highest values were found in group C, which was different
from those of groups NB and N, which demonstrated similar values. Group C also
presented the greatest increase in the thickness of the myelin sheath (Figure 5I),
followed by groups N and NB, with group NB exhibiting significantly greater differences
than groups C and N. For the G ratio (Figure 5K), although all groups showed values
within the standards of normality, the NB group presented the highest values, which
were significantly different from those of the N and C groups.

Considering the values found in the NB group against the number of nerve fibers,
a frequency analysis was performed for parameters of the axon area (Figure 6A), G
ratio (Figure 6B), and myelin sheath thickness (Figure 6C). A large increase in the
guantity of small-caliber fibers was observed in the NB and N groups at intervals
ranging from 1.5 to 2.5 um. Additionally, in group NB, several intermediate-sized fibers
(2.5 to 4 um) were observed, which were closer and slightly smaller than those in group
C, while group N presented a smaller number of these fibers. Regarding the thickness
of the myelin sheath, both groups N and NB demonstrated an increase in the frequency

of fibers with a smaller sheath thickness (interval of 0.6 to 1.2 um) (Figure 6C). Already



102

in the interval of 1.4 to 2.4 um (intermediate thickness), group C presented the highest
number. These parameters were reflected in the frequency of the G ratio (Figure 6B),
where group NB presented the highest values, followed by groups N and C, all within
the values of normality (0.4 to 0.7).

Figure 6 D, E, and F show the correlations between the G ratio and axon diameter
in the C, N, and NB groups. This analysis clearly revealed that the values of the NB/G
ratio were related to the greater number of small nerve fibers, and the NB group was
closer to the C group.
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Figure 5. Photomicrographs of cross-sections of fibular nerves from the control (A), neurorrhaphy (B),
and neurorrhaphy + HFB (C) experimental groups stained with osmium tetroxide and counterstained
with toluidine blue (scale bar 10 um). Intact nerve fibers (+), irregular nerve fibers (-), and blood vessels
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(red arrowhead). Graphs of the area and perimeter of the nerve bundle (D and E), number of intact
axons (F), area and perimeter of the axon (G and H), thickness of the myelin sheath (), diameter of the
axon (J) and G ratio (K) of the fibular nerves of the C-Control, N-Neurorrhaphy and NB-Neurorrhaphy +
HFB experimental groups. The values are expressed as the average and standard error of the mean
and were analyzed by one-way ANOVA followed by the Tukey test. Asterisks indicate statistically
significant differences (*p<0.05; **p<0.001; ***p<0.0001; ****p<0.00001).
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Figure 6. Graphs of the relative frequencies of the axon area (A), myelin sheath thickness (B), and G
ratio (C) and the correlations (D, E, and F) between the G ratio and the respective axon diameter for the
control experimental groups are shown in red (C), neurorrhaphy in green (N) and neurorrhaphy + HFB
in blue (NB). For the analyses of each group, the same number of nerve fibers was used in a

standardized manner, although this value changed according to the experimental treatment.

3.4. HFB potentiated nAChR alpha-1 protein expression

Regarding nAChR subunit protein expression, the NB group exhibited an increase
in alpha-1 (Figure 7B) expression, which was significantly greater than that of all the
other groups. However, no differences were observed in the expression of the epsilon
(Figure 7A) or gamma (Figure 7C) subunit. The NB group presented a significant
increase in Rapsyn compared to the other groups (Figure 7E). Conversely, the protein
expression levels of MusK (Figure 7D), agrin (Figure 7F), and LRP4 (Figure 7G)
remained consistent across the groups. All the data were normalized to the GAPDH
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values on the same membranes used for protein analysis (Figure 3H and

Supplementary Material 1).
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Figure 7. Protein quantification analysis (n = 5) of the epsilon (A), alphal (B), and gamma (C) subunits
of nAChRs and of the muscokinase (Musk) (D), rapsyn (E), agrin (F), and LRP4 (G) subunits of the
agrin/Rapsyn/Musk/LRP4 signaling pathway and labeling of proteins on membranes (H) in all
experimental groups (C-Control; D- Denervated; N-Neurorrhaphy; NB-Neurorrhaphy+HFB). Values are
expressed as the mean and standard error of the mean (SEM) and were evaluated by analysis of
variance (one-way ANOVA) followed by the Tukey test. Asterisks indicate statistically significant
differences (*p<0.05; **p<0.001).

4. Discussion

In recent years, our group and other researchers have investigated the
regenerative effects of HFB combined with neurorrhaphy for repairing nerve injuries in
rats (25). HFB has shown promising results in restoring NMJs and promoting axonal
regeneration. Seven to 90 days after reconstruction, studies have demonstrated that
HFB, when associated with sutures, enhances nerve impulse restoration (106),
attenuates muscle degeneration (107), and improves molecular expression related to
NMJ function (44, 77). Additionally, combining HFB with a biomaterial tube further
enhances NMJ aggregation and accelerates motor function recovery (77).
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Through the results of the analyses carried out here, it was possible to observe
a preventive effect resulting from the association of HFB with neurorrhaphy after 120
days of reconstruction, mainly on axonal fibers, muscles, and the associated NMJs.
These tissues were positively influenced by the association with HFB, where various
morphometric parameters approached those of group C, with evident signs of fibrosis
and muscle atrophy reduction and nerve connection and NMJ restoration compared to
those of group N.

Here, concerning the morphology and morphometry of the NMJs, it was
possible to observe a closer approximation of the “healthy” morphological parameters
in the NB group. The larger area values found in the NB group may be related to the
difference in circularity and perimeter between the NB group and the N group.
Functionally healthy junctions present a continuous and longer pattern in their
junctional folds. Conversely, in denervated and remodeling junctions, fragmentation
occurs, which breaks its continuity and leads to a decrease in the perimeter. Taken
together, these findings indicate a trend toward approximation with a “pretzel” shape
(Figure 1 - details). Furthermore, for circularity, although the NB group did not match
the C group, it was different from the N and D groups, corroborating the hypothesis
that the NMJs of the other groups, which were less circular and more branched,
demonstrated more irregular patterns.

Jones and collaborators demonstrated that the variables linked to the size of
the NMJs are precise for determining changes, in which the area and general diameter
of the NMJ and the degree of synaptic fragmentation, together with the diameter of the
presynaptic axon, are critical in defining synaptic morphology (112). It is important to
note that the technique used in this study to visualize the NMJs was the “nonspecific
esterase” method, which is based on the marking of positive esterase sites, which
contain ACh, leading to the general visualization of the NMJ morphology, including the
synaptic cleft and the pre- and postsynaptic regions (120).

Regarding the muscle fiber data, the quantitative results related to the area,
perimeter, maximum and minimum diameters, and Feret diameter were notable; the
results for the NB group were similar to those for the C group but different from those
for the N group. This pattern was repeated concerning the percentage of intramuscular
collagen and the number of central nuclei. This similarity indicates the prevention of

adverse scenarios and the approximation of the normal pattern of fibers, which was
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not statistically significant in our studies in which shorter recovery periods were studied
(7, 30, 60, and 90 days after injury).

Interestingly, the regeneration of skeletal muscle consists of two main phases
that occur simultaneously and competitively, namely, the actual regeneration of the
myofiber and the production of connective tissue (121). Given that the excessive
production of connective tissue is capable of completely inhibiting muscle
regeneration, reducing the infiltration of connective tissue in the initial periods of injury
Is essential for achieving better regenerative results. Over the years, we have
demonstrated that HFB has the potential to reduce the infiltration of muscular
connective tissue, being superior to isolated neurorrhaphy at 30 (107) and 90 (106)
days, but still different from the control, both for fiber morphometry requirements and
for collagen infiltration, until the moment when the scenario balances, at 120 days, and
the NB group is similar to the C group and different from the N group.

Central nuclei generally appear in skeletal muscle fibers after damage induced
by a variety of injuries; thus, regularly, myonuclei occupy the periphery of myofibrils,
but under pathological conditions, the presence of central nuclei is observed (122).
Therefore, nuclear positioning is also commonly used as a morphological marker of
change; in contrast, central nuclei are also commonly found in regenerating muscle
fibers (123). Given that morphometry, collagen infiltration, and the number of central
nuclei in the NB group reached those in the control group, these results suggest that
the combination of HFB had a significant impact on reducing atrophy and intramuscular
collagen infiltration postinjury, preventing fibrosis and allowing effective regeneration
and growth of muscle fibers.

For the correct maintenance of the regenerative process, a complex interplay
between the Agrin/LRP4/Musk/Rapsyn pathway occurs (25). The Agrin and MusK
proteins are crucial for initiating receptor clustering and remodeling and restoring NMJs
to their normal form. The activation of LRP4 by agrin is key for regeneration, as it aids
in terminal Schwann cell activation postinjury and guides the reinnervation of NMJs in
denervated fibers. Further nAChR clustering and formation at the NMJ rely on Rapsyn,
which binds to the cluster and recruits other synaptic components to that scaffold. Agrin
triggers the phosphorylation of MuskK and nAChR, facilitating the clustering and
anchoring of NnAChR-Rapsyn complexes to the cytoskeleton (23, 124).

As previously demonstrated at other time points (44, 77), the HFB association

promoted the return of nAChR morphology and the maturation of nAChR-associated
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proteins. The protein expression values for both the NB and N groups, in addition to
our morphometric analysis, suggested NMJ regeneration and reinnervation, as both
groups were close to the C group. However, at 120 days after injury, we observed an
increase in the expression of the Alphal subunit and Rapsyn protein.

Following denervation, there is an alteration in NAChR density and distribution
beyond synaptic sites, which is regulated, in part, by nAChR subunit profiles (40). Our
results for the N- and NB-group nAChR subunits indicated that the regeneration
process was complete, with the NB group further demonstrating lower values for the
gama (immature subunit for NMJ) protein. However, the increase in the Alpha-1
subunit may indicate that restoration was incomplete, as nAChR activity beyond
synaptic sites ceases after full nerve impulse restoration or that HFB promoted more
NAChR aggregation (125). Despite not accounting for these clusters here, the
overexpression of rapsyn suggested a multifaceted relationship. Rapsyn has been
shown to directly influence the quantity of nAChR in the membrane (124), as its
expression can attenuate progressive denervation, nAChR fragmentation and
neuromuscular dysfunction (126, 127). Notably, Rapsyn is also thought to bind and
anchor neurotransmitter receptors to the postsynaptic membrane (128), which may
influence alpha-1 expression.

With the increased proximity of the striated skeletal tissue and its associated
NMJs, changes in the association of NAChRs and the protein complexes of NMJs are
directly associated with the basal lamina and cytoskeletal components of the target
striated skeletal muscle and vice versa (76). Myonuclei play a fundamental role in the
development and maintenance of NMJs, participating in the rearrangement of the
cytoskeleton, protein synthesis and the formation of nAChR clusters (129). These
proteins, which are found in the sarcolemma of muscle fibers and are produced in the
synaptic nucleus of NMJs (130), directly impair muscle function, including recovery
after injury. Although we observed mitigated atrophy and fibrosis in our muscle
analysis, attention is drawn to the solely over-expression of Rapsyn.

Our nerve regeneration data revealed a large increase in the number of axons
in the NB group. This increase was compatible with other studies that investigated the
association of HFB with neurorrhaphy at different reconstruction times, both isolated
(107) and associated with photobiomodulation, among others. Seven days after
reconstruction, HFB has strong immunogenic potential, recruiting macrophages to the

injury site, which accelerates the process of Wallerian degeneration and contributes to
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the regenerative process and the beginning of the growth of new endoneurial tubes
(107).

It is well described in the literature that after injury, regenerated and
regenerating nerve fibers have a smaller axon diameter and myelin sheath thickness
than intact nerve fibers (118, 131). Through frequency analysis of the area and
thickness, a considerable increase in the number of low-caliber fibers was observed in
the treatment groups; however, in the NB group, the number of intermediate-caliber
fibers was similar to group C. An increase in the number of nerve fibers with a low to
intermediate sheath thickness was also observed in groups N and NB, although neither
of the two groups exhibited large caliber fibers, as in group C, a factor that is also rarely
found in regenerated fibers after injury.

These values are reflected in the G ratio, which is the proportion between the
axonal diameter and the fiber diameter and is widely used as an index of ideal
myelination, where values between 0.4 and 0.7 indicate normality, with values of
approximately 0.7 indicating degenerative or regenerative processes of the myelin
sheath (132). All groups demonstrated values within normality and were already
experimentally observed in other works using HFB (77, 108, 115, 116, 118, 133).

Notably, the individual analysis of each nerve fiber indicated that the NB group
exhibited a large increase in the number of axons with a proportion of G ratio/axon
diameter close to the ideal, with a G ratio ranging from 0.4 to 0.6 and a diameter
ranging from 3 to 5 um (Figure 6F). In contrast, the N group showed an increase in the
number of small and hypomyelinated nerve fibers (Figure 6E). This correlation allows
us to infer that although the various morphometric parameters of the NB group were
significantly inferior to those of the C group, given the large increase in the number of
small regenerated fibers, a large proportion of these fibers demonstrated a pattern of
normality and possible functional repair, surpassing that of the N group. The positive
results in relation to the tibial muscle and the NMJs corroborate the suggestion of this
efficiency in regeneration in the NB group.

One limitation of the present study is the use of the nonspecific esterase
technique for marking and visualizing NMJs. Other more “specific’ techniques, which
highlight the presynaptic portion (through VAChT) or the postsynaptic region (nAChRs,
with a-bungarotoxin), would have allowed a better visualization and understanding of
the possible structure and junctions. Furthermore, the lack of functional analyses, such

as the “CatWalk XT” gait test, prevents the direct conclusion that HFB promotes an
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improvement in functional recovery after injury, although morphological and
morphometric progress is clear. It is also relevant to note that here, we investigated
the tibialis cranial muscle, a predominantly glycolytic muscle, while in other studies,
the soleus muscle, a predominantly oxidative muscle, was investigated. The
biochemical and metabolic profile of each muscle type can lead to changes in
responses in a more intimate investigation.

In recent years, the use of HFBs has been experimentally demonstrated to
create a stable and protective microenvironment at the reconstruction site, resulting in
positive outcomes across various medical applications. HFBs hold promise as
excellent scaffolds for drug delivery systems and other adjunct therapies, such as
photobiomodulation or stem cell therapy. Their good biocompatibility further enhances
the regenerative potential of cell lineages and improves cell survival. Indeed, HFBs
have emerged as strong candidates for regenerative medicine, and additional research
is needed to assess their effectiveness in other therapeutic contexts. We highlight that
it has already been tested and provided good results in a phase I/ll nonrandomized,
single-arm clinical trial for the treatment of chronic venous ulcers (105).

The potential of HFB seems to be associated with the ability to accelerate the
degenerative phase, thus minimizing and preventing its deleterious effects and
allowing for better tissue development during regeneration (25). After injury, the
electrical impulse is initially altered by tSCs, followed by signaling to increase the
synthesis of NAChR subunits in NMJs, accompanied by an increase in the myogenic
regulatory factors MyoD and myogenin in the muscle (134). With the failure of electrical
signal transmission and, therefore, muscle contraction, subsequent changes in the
aggregation of nAChR clusters occur, mainly through changes in the
Agrin/Rapsyn/Musk/LRP4 signaling pathway, increasing the fragmentation of the
motor plate (40, 135). Long-term denervation leads to a reduction in the number of
satellite cells and consequent protein degradation, with high expression of genes
linked to the ubiquitin—proteasome pathway, such as atrogin-1, MafbX and MURF1
(136). In this way, faster regeneration provides a less degenerated microenvironment

and a better chance of restoring healthy morphology and function.

5. Conclusion
After 120 days of reconstruction, HFB associated with neurorrhaphy prevented

muscle fibrosis and atrophy, possibly because of the substantial increase in
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regenerated axons in the NB group and its further reinnervation. Our findings highlight
the late beneficial effects of HFB in nerve repair and further support its potential to
surpass the regeneration effects achieved by neurorrhaphy alone. Indeed, over time,
HFB has demonstrated a good ability to maintain a less degenerated neuromuscular

junction microenvironment and promote better early regeneration after injury.
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Abstract

Nerve injuries present significant challenges due to their frequent occurrence and
substantial impact on quality of life. Although neurorrhaphy is a well-established
treatment method, achieving meaningful morphofunctional recovery remains a
challenge, as the first major challenge is to maintain the viability of injured neurons and
then to address axon elongation and insufficient reinnervation. The Brazilian
biopharmaceutical heterologous fibrin biopolymer (HFB), which is free of human
components, shows potential as an adjunct when combined with neurorrhaphy for
muscle nerve regeneration and for the treatment of spinal cord injuries. However, its
late regenerative effects on nerves and the spinal cord after nerve injury remain
unexplored. Therefore, we investigated the effects of neurorrhaphy combined with HFB

120 days after repairing the right sciatic nerve on the soma and axons of injured motor
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neurons and the associated glia. For this purpose, thirty-six adult male Wistar rats
(CEUA-FMB 1402/2021) were divided into four groups (n=9/group): Control (C), where
the sciatic nerve was visualized; Denervated (D), where neurotmesis was performed,;
Neurorrhaphy (N) and Neurorrhaphy+HFB (NB), where after neurotmesis, the stumps
were reconnected by neurorrhaphy (2 points); and in the NB group, where HFB was
added. At 105 days postinjury, the neurotracer Fluorogold (FG) was applied to the right
cranial tibial muscle for retrograde labeling of motor neurons in the anterior column of
the lumbar portion (L2-L5) of the spinal cord. At 120 days, transcardiac perfusion was
performed to obtain the spinal cord, sciatic nerve, and cranial tibial muscle.
Immunofluorescence was performed for visualization of NF200 and S100 in the sciatic
nerve, IBA-1+ cells and FG-labeled neurons and their 3D reconstruction (Neurolucida)
in the spinal cord. Motor neuron and neuromuscular junctions (NMJs) were processed
for visualization by transmission electron microscopy. Ultrastructurally, the NB and N
neurons showed signs of preserving their organelles. Reinnervation and flow of FG
from the muscle to the spinal cord were observed in the C, N, and NB groups, where
the NB group had more labeled neurons than did the N group. NB motor neuron
dispersion was lower and closer to that of the C group, although for both treated
groups, FG+ neurons were disorganized through the anterior horn. NB further
improved microglial cell counts and reconstructed sciatic nerve topography with
myelination closer to C while maintaining the waving axonal structural pattern.
Regarding NMJs, NB synaptic gutters were more occupied and closer to C than N.
These findings highlight the beneficial effects of HFB on the preservation,
maintenance, and further axonal regeneration of motor neurons, surpassing the
regenerative outcome achieved by neurorrhaphy alone.

Keywords: neurorrhaphy; degeneration; regenerative medicine.

1. Introduction

Nerve injuries are common, with a high prevalence and global incidence, affecting
approximately 18 individuals per 100,000 people each year (2) and surpassing the
incidence of ovarian and stomach cancers (3). Many individuals affected by nerve
injuries, both severe and moderate, have incomplete recovery, resulting in transient or
permanent loss of motor and sensory functions, in addition to chronic pain, muscle
atrophy and weakness. Approximately half of all nerve injuries show incomplete

recovery with poor functional restoration.
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After complete transection of the nerve, or neurotmesis, all structures of the
neuromuscular apparatus are impaired, from muscle fibers to the cell body of the motor
neuron in the spinal cord. The nerve is segmented into two stumps, distal and proximal
to the site of the lesion, which are subject to relatively distinct processes (54). The
proximal stump remains connected to the cell body in the marrow and adopts a
regenerative profile, while the target organ and the distal stump are deprived of their
source of electrical stimulus and undergo degenerative changes, namely, Wallerian
degeneration, followed by a regeneration process after reinnervation.

In the proximal stump, neurotmesis evokes a retrograde response in neuronal cell
bodies (10), with structural changes and alterations in their gene expression profile
resulting in a regenerative function instead of synaptic/transmission (52). The surviving
neurons undergo a series of physiological and morphological changes called
chromatolysis (1, 67), while further retrograde synaptic changes known as synaptic
stripping occur, a process by which resident glia selectively remove synapses from
injured neurons (69). This stimulus quickly recruits astrocytes and microglia near the
affected synaptic terminals that, in their regenerative mode, react through
conformational and structural changes in their cytoplasmic projections communicating
with the membrane of the injured motor neuron and the degenerated synaptic terminals
(71).

One important challenge for reinnervation is the mismatched pairing of
regenerating axons, which can connect with other nerve bundles, directing them to
other muscles or other tissues (72). These errors alter the original connectivity of motor
neurons, leading to motor functional deficiencies. Surprisingly, although the axons
regenerate, studies have shown that the morphological recovery of the nerve and
muscle is not sufficient to promote functional recovery, as there may still be impairment
of synaptic functionality (74, 75).

Given the difficulties associated with regeneration, adjuvant therapies have been
studied. One such promising candidate is the heterologous fibrin biopolymer (HFB)
(25). This biopharmaceutical innovation, which is biodegradable, bioabsorbable, and
nontoxic, is a unique blend of a thrombin-like enzyme extracted from rattlesnake
venom and fibrinogen sourced from buffalo blood; thus, this sealant is not entirely
dependent on human blood. Furthermore, it exhibits excellent adhesive qualities and

is currently employed in a wide range of surgical procedures, including in clinical trials
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(91, 102, 105). Compared to sutures alone, HFB provides a more conducive
environment for regeneration and offers several advantages over other commercially
available fibrin sealants (25).

Several studies have previously demonstrated positive outcomes for the
association of HFB with nerve tissue repair, but its effects on motor neurons and the
spinal cord parenchyma after peripheral nerve injury remain unexplored. Although in a
relatively different scenario, after ventral root avulsion, the association with HFB
improved axon regeneration, glial response and motor function (25). Thus, we
hypothesize that this association, after a long regenerative approach, will enhance
motor neuron survival while also attenuating the glial response, thus promoting a better

scenario for a positive outcome regarding motor function and regeneration.

2. Methods
a. Animal care

This study utilized thirty-six adults male Wistar rats sourced from the Central
Animal Facility at Unesp, Botucatu Campus. These rats were between 90 and 95 days
old and had an average body weight of 300 g. During the entire experimental phase,
the rats were housed in Rodent Animal Facility 5 of the Experimental Research Unit
(Unipex) of the Faculty of Medicine of Botucatu (FMB/Unesp). The animals were kept
in polyethylene boxes (dimensions 40 x 30 x 15 cm) with solid bottoms covered with
sawdust substrate under regulated light (12 h light/12 h dark) and temperature (24 +
2°C) conditions and were provided with filtered water and Presence® feed ad libitum.
The rats were randomly assigned to four experimental groups: the control (C),
denervated (D), neurorrhaphy (N) and neurorrhaphy + BHF (NB) groups. All
procedures mentioned were sanctioned by the local ethics committee and registered
under the number CEUA-FMB:1402/2021.

b. Surgeries
The animals were anesthetized via intraperitoneal injection of an anesthetic
mixture comprising ketamine (Dopalen, 70 mg/kg) and xylazine (Anasedan, 30 mg/kg).
Following the shaving of the right pelvic limb, the animals were placed in a prone
position, with their front and rear legs spread apart. Lidocaine (7 mg/kg) was
administered at the site of the incision, followed by antisepsis using iodized alcohol.
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An incision was then made on the lateral aspect of the thigh, extending from the level
of the greater trochanter to the knee, exposing the right sciatic nerves.

In the animals in group C, only the sciatic nerve was identified and visualized,
after which the soft tissues and skin were repositioned and stitched (Mononylon 7-0
and 5-0, Polysuture) (Figure 1). In the animals in groups D, N, and NB, a nerve lesion
was created by transecting the sciatic nerve (neurotmesis) in a standardized manner,
approximately 3 mm above its trifurcation. In the animals in group D, to prevent
spontaneous regeneration, a 6 mm segment of the nerve was excised, and the
proximal and distal stumps were rotated 180° and anchored to the adjacent muscle
tissue using simple stitches with nylon thread (Mononylon 10-0, Polysuture) (Figure 1).
In groups N and NB, the nerve stumps were reconnected immediately after
neurotmesis. In group N, the stumps were rejoined by end-to-end neurorrhaphy
(epineural anastomosis) with 2 simple stitches using nylon thread (Mononylon 10-0,
Polysuture) (Figure 1). In group NB, nerve reconstruction was carried out by
neurorrhaphy with 2 simple stitches, followed by the application of 250 pL of BHF (13)
(Figure 1), supplied by CEVAP, Unesp Botucatu, SP, Brazil, the components and
application formula of which are detailed in its patents (Registration numbers:
BR1020140114327 and BR1020140114360) (11). At the time of use, the components
were thawed and reconstituted. The application was made through the simultaneous
placement of fraction 1 (125 L) with fraction 2 (125 uL) - prepared immediately before
the application, through the homogenization of equal amounts of fibrinogen and diluent

factor - at the site of the injury.
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Figure 1. Surgical procedures performed in the control (C), denervated (D), neurorrhaphy (N), and

neurorrhaphy + HFB (NB) groups.

Following nerve reconstruction, the soft tissues and skin were stitched using
simple stitches with nylon thread (Mononylon 7-0 and 5-0, Polysuture), and the animals
were monitored and kept warm until they recovered. Tramadol (5 mg/kg) was then
administered for pain relief, and enrofloxacin (Baytril®, 10 mg/kg) was given via
subcutaneous injection to prevent opportunistic infections. For three consecutive days,
the postoperative protocol included the administration of the analgesic every 24 hours
for 3 days and, if necessary, for up to 5 days, in addition to the application of
lodopovidone during the healing period at the incision site.

At 105 days after surgery, six animals from each group were again anesthetized
through intraperitoneal injection of an anesthetic solution of ketamine (Dopalen, 70
mg/kg) and xylazine (Anasedan, 30 mg/kg). After the anesthetic, the animals were
positioned in dorsal recumbency, and the right pelvic limb was shaved. Injections of
the neurotracer FluoroGold (FG) at 4% in 0.9% NaCl were performed in a standardized
manner at 3 points along the belly of the right cranial tibial muscle. At each point, 2 uL
of the neurotracer was injected slowly over 5 minutes, with 6 mm of needle penetration

from the skin. The first point was made 4 mm from the anterior portion of the animals’
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tibial crest and 26 mm from the calcaneus. The following points were made 5 mm
above and below the first point. After the injection, the needle was kept in position for
5 minutes to prevent tracer reflux and was slowly removed.

At 120 days after surgery (15 days after FG injection), the animals were
anesthetized via intraperitoneal injection of an anesthetic solution of ketamine
(Dopalen, 70 mg/kg) and xylazine (Anasedan, 30 mg/kg). For the collection of the
spinal cord and the right sciatic nerve, transcardiac perfusion was performed on the 6
animals from each group in which the neurotracer injection was performed. The
perfusion protocol consisted of the initial passage of 0.9% saline solution with heparin
(30 ml/minute) for approximately 1 min until the vascular bed was emptied, as indicated
by the whitening of the liver, followed by the passage of a 4% formaldehyde fixing
solution freshly prepared from paraformaldehyde and sodium phosphate buffer (PBS)
(0.1 M, pH 7.4) for 30 min (30 ml/minute). At least 30 minutes after the procedure was
completed, the spinal cords and sciatic nerves were collected and stored in 4%
formaldehyde for one day. The next day, the meninges and nerve roots were removed,
and the spinal cords were removed and stored in a 30% sucrose solution made in 0.1
M PBS, pH 7.4.

c. Immunohistochemistry for FG and IBA-1 (n=5)

For each animal, the lumbar intumescence of the spinal cord was longitudinally
sectioned into 40 um thick slices using a sliding microtome (Leica SM2010R) equipped
with a freezing stage (BFS-30MP, Physiotemp, Inc.). The sections were collected
sequentially in a series of 4 vials filled with antifreeze solution so that the interval
between consecutive sections in each vial was 160 um. The series of sections were
stored at -20°C until processing.

Histological sections from 1 vial were washed in 0.1 M PBS (pH 7.4), after which
endogenous peroxidase activity in a solution of 3% hydrogen peroxide in PBS
decreased. Subsequently, the sections were washed in PBS and 0.05 M Tris buffer
supplemented with 0.25% Triton X-100 in saline, pH 7.6 (TBS-TX), and incubated in a
2% goat serum solution to block nonspecific labeling. After this, the primary antibodies
were incubated in TBS-TX for 48 h at 4°C, and the sections were kept under constant
agitation according to the following protocols: anti-FluoroGold (made in rabbit,
#AB138870, Abcam, 1/10,000) and anti-IBA1 (made in rabbit, WAKO, 1/5,000). After
incubation, the sections were washed in TBS-TX (0.05 M, pH 7.6) and incubated with
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a biotinylated secondary antibody, namely, an anti-rabbit IgG (#BA-1000, Vector
Laboratories, 1/200) produced in goat, for 2 hours at room temperature. Then, the
sections were washed in TBS-TX, incubated in avidin-biotin peroxidase complex
(Vectastain ABC Kit, PK-4000, 1/200), and diluted in TBS-TX for 1.5 hour at room
temperature. Then, the sections were washed in 0.05 M Tris-HCI buffer (pH 8.0).
Finally, the peroxidase bound to the ABC complex was detected by a hydrogen
peroxide reaction using 3,3’-diaminobenzidine-tetrahydrochloride intensified with
nickel ammonium sulfate (DAB-Ni) as a chromogen. After the immunohistochemistry
process, the sections were transferred to a 0.4% gelatin solution in 0.05 M Tris-HCI
buffer and mounted on slides. For fluorogold analysis, all FG+ neurons from 1 vial for

each experimental case were counted.

d. 3D reconstruction (n=1)

For 3D reconstruction, the spinal cord of one animal from each group was
longitudinally sectioned into 40 um thick slices and immediately mounted on a slide
with a 0.1% gelatin solution. Then, all the sections were photographed with
fluorescence microscopy (Zeiss Scope. Al), and the images were reconstructed into
a single panel for each section.

Subsequently, three-dimensional reconstruction was carried out with Neurolucida
software (version 10, MBF Bioscience, MicroBrightfield, Inc.). The reconstructions of
each cut of the spinal cord delimited the entire lumbar intumescence. The steps for
creating the 3D models included calibrating the program, inserting information about
the evaluation interval and the number of sections used in the reconstruction, defining
the contours that limit the cytoarchitectonic reference structures, and individually
aligning each new section with respect to its immediate predecessor. In each section,
the external contour of the spinal cord, the columns of gray matter of the spinal cord,
and the retrogradely labeled neurons were delineated. The cytoarchitectonic
organization of the regions of interest was illustrated on boards with images of the
three-dimensional models. Furthermore, the 3D reconstructed spinal cord was used to

assess the spinal cord area for IBA-1+ cell analysis.

e. Microglia optic densitometry (n=5)
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The optic densitometry protocol was used to analyze the microglia. An optical
microscope (Axioplan2, Carl Zeiss) equipped with a digital camera (AxioCam HRc,
Zeiss) was used to determine the optimal lighting conditions, and a 20X objective lens
was used to capture all images. The light beam was centered on the CCD of the digital
camera, and the illumination intensity was fixed by observing the RGB brightness
histogram of the image to distribute it along the dynamic range of the digital camera.
All field illumination parameters, diaphragm openings, filter sets, and camera exposure
times were manually controlled to avoid variations in these parameters during the
capture session. All images were captured in the same session, and 11 reference
images were initially acquired for optical density calibration, representing densities
between 0.04 and 1.0, using a stepped neutral density filter (Edmund Industrial Optics,
#32-599). Next, for each animal, approximately 2500 um (8 images) of each anterior
spinal cord session (3~4) was captured according to the 3D reconstructed FG-labeled
neurons.

Then, those images were combined in a mosaic to create panoramic images of the
entire lumbar intumescence. In ImageJ, to exclude empty spaces generated by
variations in section width from our analysis, an ROI frame (1900 x 600 microns) was
adopted and used to perform comparative quantification of the optical density of the
tissue sections among the various experimental groups, reflecting the amount of IBA-
1+ cell immunoreactivity. For the analysis of each set of images captured in the same
session, optical density calibration was initially performed using reference images
captured from a filter of optic density. Furthermore, a standardized Vs of the same ROI
and images were used for IBA-1+ cell counting across groups.

To ensure uniformity in IBA-1+ immunolabeling, all sections from the experimental
cases were processed simultaneously using solutions with identical compositions, and
immunohistochemical parameters such as antibody concentration, staining duration,
and development time were kept consistent across all sections to achieve uniform

staining intensity.

f. Transmission electron microscopy (n=3)
The lumbar portion of the spinal cord was collected and reduced. Subsequently,
the spinal segments were reduced to a 2 mm segment. The right side, referring to the
nerve lesion, was highlighted, and 2 segments from the anterior column region were

stored for processing and ultrastructural analysis by transmission electron microscopy
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at the Electron Microscopy Center of the Institute of Biosciences of Botucatu.
Furthermore, for one animal from each group, the remainder of the lumbar portion
immediately above the reduced portion was sectioned transversely for visualization of
the motor neurons through Nissl staining.

Due to the variation in the cutting plane height for viewing the cellular ultrastructure
of a-motoneurons, an inclusion criterion was established in which only neurons with
large cell bodies in the nuclear plane in the presence of a condensed and evident
nucleolus were photographed and analyzed.

Furthermore, neuromuscular junctions were also assessed. For that, portions of the
cranial tibial muscle were sectioned into longitudinal sections, processed following the
routine of the Electron Microscopy Center of the Institute of Biosciences
(CME/IBB/UNESP) and photodocumented using a transmission electron microscope
(TECNAI Spirit, Fei).

g. Immunofluorescence for NF-200 and S100 (n=5)

Fragments of the sciatic nerve related to the reconstruction area were collected and
subsequently stored in 4% paraformaldehyde for 24 hours, cryoprotected in 10%, 20%
and 30% sucrose (diluted in 0.1 M PBS) for 24 hours each, embedded in freezing
medium (Tissue Plus® O.C.T. Compound, Fisher Healthcare), frozen in N-hexane
cooled in liquid nitrogen and stored in a biofreezer at -80°C for later sectioning,
mounting on slides and performing immunostaining.

Then, the slides were thawed at room temperature for 1 hour, washed in PBS, and
incubated in blocking solution (3% BSA (w/v) in PBS for 1 hour, followed by incubation
with a primary antibody (NF200, rabbit; #N5389, Sigma, 1/1,000; S-100, rabbit;
#ab4066, Abcam; 1/1,000, diluted in PBS, 1% BSA (w/v), 0.2% Triton-X (v/v)) for 18
hours in a dark humid box at 4°C. The next day, the slides were again washed in PB
buffer and incubated for 1 hour in secondary antibody (IgG Mouse Alexa Fluor 488,
made in rabbit; #ab15007, Abcam; 1/1,000, diluted in PBS, 1% BSA (w/v); 0.2% Triton-
X (viv)). Then, they were again washed in PBS and mounted with coverslips and
mounting medium (VectaShield).

The slides were photographed by a Leica TCS SP5 confocal microscope, 2 fields
per animal were randomly chosen, and the images were analyzed using ImageJ

software (version 1.45 s, National Institute of Health, USA). To exclude empty spaces
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generated by variations in section width from our analysis, a frame (500 x 500 microns)
covering only the sample areas was used. The average fluorescence intensity values
were obtained through the quantification of the fluorescent area for each animal
through the threshold tool.

h. Statistical analysis

All data related to morphological and morphometric quantifications and statistical
analyses were analyzed blindly by the principal researcher. The results of all
guantitative variables were compared between groups, and before any analysis, the
normal distribution and homoscedasticity of the data were verified through the
Shapiro—Wilk test or appropriate normality test. Comparisons between the groups with
an adherence to the normal distribution of probabilities were carried out using the
parametric analysis of variance (ANOVA) technique for the model with one factor,
complemented with the Tukey multiple comparisons test, or by the nonparametric
procedure (Kruskal-Wallis) complemented by the Dunn test in the absence of an
adherence to the normal distribution. All data were. The data were analyzed with
GraphPad Prism 9 software using a 5% significance level (p < 0.05), and all graphs

were made using the same software.

3. Results

a. Motor neuron ultrastructure analysis (n=3)

In group C, organelles (mitochondria, Golgi complex, lysosomes, Nissl bodies)
were uniformly distributed and within healthy standards (Figure 2A). In group D, the
motor neurons exhibited morphological changes indicative of nheurodegeneration and
cell death, such as disorganization and increased mitochondrial electrolucency,
chromatolysis and invasion by astrocytes. Furthermore, these motor neurons had
interruptions in the cell membrane and were close to astrocytes and microglia,
suggesting invasion and phagocytosis of cellular debris (Figure 2B). In the motor
neurons of groups N and NB, signs of preservation of a large part of their organelles,
such as the Golgi apparatus, mitochondria and Nissl bodies, were observed, although
some signs indicative of injury and proximity to glial cells were also observed (Figure
2C and 2D).
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Figure 2. Photomicrograph of the ultrastructure of motor neurons from the anterior column of the control
(A), denervated (B), neurorrhaphy (C) and neurorrhaphy + BHF (D) groups viewed by transmission
electron microscopy at a magnification of 3200x%. The firstimage shows a general overview of the motor

neuron, while the subsequent images highlight the Golgi complex (a-d) and Nissl bodies (a’-d’).

b. Quantification of FG-labeled neurons (n=5)

The presence of retrogradely labeled neurons was observed in the animals in
groups C, N, and NB (Figure 3A, 3C, and 3D), and there was no labeling in the animals
in group D (Figure 3B).

In terms of the number of retrogradely labeled neurons, the greatest number of
neurons was observed in group C, followed by groups NB, N, and D (Figure 3E).
Groups NB and N showed no statistical differences to group C but NB had more
neurons than group N. Group D was significantly different from all the other groups.
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Figure 3. Representative photomicrographs of the retrograde labeling of motor neurons by fluorogold
and anti-fluoro-gold immunoreactivity assays for the control group (A), denervated group (B),
neurorrhaphy group (C) and neurorrhaphy + BHF group (D). In detail, the neurons can be seen in greater
enlargement. Graph of the number of motor neurons retrogradely labeled by fluorogold injection (E) in
the cranial tibial muscle of all the experimental groups: C (control), D (denervated), N (neurorrhaphy)
and NB (neurorrhaphy + HFB). The values are expressed as the mean and standard error of the mean
and were analyzed by ANOVA followed by the Tukey test. Asterisks indicate statistically significant
differences (*p<0.05; **p<0.001; ***p<0.0001).

c. Qualitative motor neuron dispersion data from 3D reconstruction (n=1)

FG-labeled neurons were identified along the anterior column of the spinal cord in
the C, N, and NB groups, and this pool was subsequently 3D reconstructed (Figure 4).
The neuron pool in the C group spanned a length of 5465 um, compared to 5530
pum in the N group and 5000 um in the NB group. The average global distance between
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neurons was 1336.6 um in the C group, 1624.8 um in the N group, and 2039.6 um in
the NB group. The average distance between neighboring neurons was 81.3 um in the
C group, 481.6 pm in the N group, and 166.3 um in the NB group. The closest and
farthest distances between neurons in the C group were 33.6 um and 346 um,
respectively, compared to 98.6 um and 2283.4 yum in the N group and 57.5 pum and
336.4 um in the NB group. Regarding the depth of the neuron pool across the ventral
dorsal section, the neurons of the C group were labeled across 600 pm (480 to 1080),
the neurons of the N group were labeled across 320 um (840 to 1160), and the neurons
of the NB group were labeled across 400 um (760 to 1160).

Taken together, these data suggest that neurons from the treated groups were
more dispersed through the anterior column in both length and depth than were those
from the C group, with the neurons in the NB group being less spread, with more

neurons closer to each other than to those in the N group.
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Figure 4. 3D reconstruction of the anterior column of the spinal cord and retrograde labeled motor
neurons after FG injection into the tibialis cranial muscle for one animal in the control group (A),
Neurorrhaphy (B) and Neurorrhaphy + HFB (C).

d. Microglial reactivity response (N=5)

Microglia were assessed through IBA-1 (lonized calcium binding adaptor molecule
— a microglia/macrophage calcium-binding marker). In the control group (Fig. 5A), the
optic density of IBA-1+ cells were greater than that in the other experimental groups
(Fig. 5E). Furthermore, NB (Figure 5C) and N (Figure 5D) demonstrated similar values
and both were greater, but equal, to D (Figure 5B). In terms of the number of IBA-1+
cells, the NB and C groups had greater numbers of cells, which were similar to each
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other, while the N group was lower and differed among all the groups. D showed the
lowest values among the groups and differed from all the other groups.
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Figure 5. Representative photomicrographs of microglia labeled with anti-IBA1 antibody for all
experimental groups and graphs of the optic densitometry analysis of IBA-1+ cells (E) and IBA-1+ cells
count (F) from the control group (A), denervated group (B), neurorrhaphy group (C) and neurorrhaphy
+ HFB group (D). The values are expressed as the mean and standard error of the mean and were
analyzed by ANOVA followed by the Tukey test. Asterisks indicate statistically significant differences
(*p<0.05; **p<0.001; ***p<0.0001; ****p<0.00001).
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e. Sciatic nerve integrity (n=5)

For NF-200 quantification, which analyzes the organization of the intermediary
filaments that comprise the axons of regenerated nerves, in both the N and NB groups,
the axons established a wave pattern of arrangement to the nerve axis (Figure 6A-D),
which is compatible with healthy standards, although the NB group demonstrated a
more continuous pattern, similar to that of the C group. Regarding the quantitative
analysis, the NB group was equal to the N and C groups, while only the C and NB
groups differed from the D group (Figure 6E).

For the quantification of S-100, which is a characteristic marker of Schwann cells,
C, N and NB demonstrated intense labeling with wave patterns (Figure 6A’-D’). The
mean intensity area quantification revealed similarity between the NB and C groups,
while N differed from C and was solely equal to D. Furthermore, the N group differed
from C (Figure 6E’).
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Figure 6. Immunolabeling of anti-neurofilament (A-D) and anti-S100 (A’-D’) for the control group (A),
denervated group (B), neurorrhaphy group (C) and neurorrhaphy + HFB group (D) and graphs of the
mean fluorescence intensity area (E and E’) of all experimental groups: C (control), D (denervated), N
(neurorrhaphy) and NB (neurorrhaphy + HFB). The values are expressed as the mean and standard
error of the mean and were analyzed by ANOVA followed by the Tukey test. Asterisks indicate

statistically significant differences (*p<0.05; **p<0.001; ***p<0.0001). Scale bar = 20 um
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f.  Neuromuscular Junctions ultrastructure (n=3)

Ultrastructurally in group C (Figure 7A), several synaptic buttons were observed,
arranged in synaptic gutters with varied shapes and depths. In the synaptic buttons,
synaptic vesicles, mitochondria, and multivesicular bodies were present.
Characteristically, the presynaptic membrane had denser regions that correspond to
the active zones, opposed to the apex of the junctional folds of the postsynaptic
membrane. The postsynaptic membrane was intact and contained numerous and long
junctional folds, with a denser apex corresponding to the location of acetylcholine
receptors.

In group D (Figure 7B), the degeneration of the presynaptic region was notable,
with the absence of synaptic buttons and gutters. In the postsynaptic region, junctional
folds were noticed, disorganized and with their apex presenting reduced electron
density.

In group N (Figure 7C), some synaptic buttons presented variable morphology, but
the majority of the ultrastructurally observed synaptic gutters were unoccupied. The
junctional folds were organized and with a very dense apex (nAChR concentration).

In group NB (Figure 7D), most of the synaptic gutters were occupied with synaptic
buttons containing synaptic vesicles, mitochondria, and other characteristic organelles.
The presence of the active zone was detected opposed to the apex of the junctional
folds of high electron density (hnAChR concentration).
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Figure 7. Photomicrograph of the ultrastructure of neuromuscular junctions from the tibial cranialis
muscle of the control (A), denervated (B), neurorrhaphy (C) and neurorrhaphy + BHF (D) groups viewed
by transmission electron microscopy at a magnification of 6400x. SB: synaptic button; JF: junctional
fold; m: mitochondria; white ball: synaptic vesicles containing ACh; narrow white arrow: presynaptic

membrane; thick white arrow: postsynaptic membrane.

4. Discussion

The peripheral nerves inherently have the ability to heal after an injury. Sealants
based on fibrin have been instrumental in both regenerative medicine and surgical
procedures, particularly for nerve damage. Nevertheless, the window for recovery is
narrow before degeneration of tissue hinders the processes of regeneration and
reconnection. Given the expensive nature and the requirement of human blood for the

production of commercial sealants, HFB has emerged as a cost-effective substitute.
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When used alongside neurorrhaphy, HFB has been observed to amplify regenerative
outcomes and outperform other sealants available on the market in various respects.

Here, we evaluated the potential of HFB combined with neurorrhaphy to improve
the spinal cord response to neurotmesis in a rat model. We demonstrated that this
association is beneficial for the injured motor neuron, enhancing its survival in
opposition to neurorrhaphy alone and its further dispersion and reinnervation through
the anterior horn, although both treated groups had greater dispersion than C. This
may have influenced sciatic nerve topography, improving axon elongation and
myelination, as, although not statistically significant for all parameters, both trends of
proximity between NB and C and between D and N were observed.

The connections between neurons and their compartments in the nervous
system play a crucial role in regulating neuronal characteristics. These connections
affect aspects such as dendritic and axonal morphology, the electrical properties of
membranes, the production of neurotransmitters, interactions with other parenchyma
cells and molecular metabolism (137). After nerve transection, the success of proximal
stump regeneration is dictated by the arrangement of an appropriate substrate of
extracellular matrix components and trophic factors at the injury site (1), in addition to
motor neuron survival. This process involves a series of molecular events that
influence the final outcome, and the development of a stable and pro-regenerative
framework in the early stages is favorable for good morphological recovery (66).
Indeed, HFB plays a crucial role in the healing/repair process, as the combination of
fibrin and other coagulation factors with proteins increases angiogenesis, wound
stabilization, collagen synthesis, and regeneration of the cell type characteristic of the
tissue (102). Furthermore, with a focus on nerve reconstruction, it is possible to reduce
trauma (number of points) in the reconstruction, minimizing damage and inflammatory
responses (25).

We observed good reinnervation and flow of FG from the muscle to the spinal
cord in groups C, N, and NB, with the exception of group D, as expected. Although
lower than that in the C group, the number of labeled motor neurons in the NB group
was greater than that in the N group, suggesting that there was greater neuronal
reinnervation or survival in the cranial tibial muscle. In unspecific neuron pool counting,
increased neuronal survival has also been previously reported in several studies of
ventral root avulsion in association with HFB (114, 115, 138-141).
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Our qualitative analysis of the ultrastructures of the neurons corroborated our
hypothesis of good reinnervation and survival of motor neurons. Although signs of
injury were identified in groups N and NB, the approximation of the morphological
parameters of these cellular organelles in relation to group C is clear. In contrast, group
D showed clear signs of degeneration and neuronal death.

Another major problem in neuron survival is further growth and reinnervation of
the target muscles. Although performed in only one animal, the 3D reconstruction of
the dispersion of neurons in the anterior column may indicate disorganization in
relation to the control group, which maintains a certain compaction of its motor neuron
pool. In the treated groups, where reinnervation occurred, the neuron pool underwent
a decompaction and greater dispersion along the anterior column, since the nerve was
disconnected and reconnected, so that there may have been a reinnervation by
neurons that previously did not innervate the cranial tibial muscle. This implies a
reorganization of the descending pathways and motor coordination since a surviving
neuron begins to connect another motor unit, requiring a mechanism of plasticity and
new motor learning. In this way, although there has been a repair with greater survival
of neurons, there is still a disorganization and decompaction of the previously
innervated motor units and consequently the activation of these muscles by the
descending pathways. Indeed, maintaining a better survival rate of motor neurons in
addiction to motor plasticity and rehabilitation may be advantageous for achieving a
better outcome, but target reinnervation is still a significant challenge to address and
surpass for gold-standard rehabilitation.

Another significant challenge in achieving proper function after injury is
managing gliosis and its harmful effects (14). Glial cells directly impact neuronal
survival, synapse stability and functionality by retracting synaptic boutons (14, 18),
while they further secrete neuroprotective factors that promote the survival of damaged
neurons and guide axonal growth toward the periphery (115). Several studies in a
ventral root avulsion model have reported the potential of HFB for attenuation of the
glial response in the early periods after injury (115, 142), but its prolonged effects in a
late regenerative scenario remain to be clarified.

At first glance, in our nerve injury model, after 120 days, we surprisingly
observed a superior microglial cell density in the C group, while all the microglial cell
density in the injured groups was equal and greater. Although a higher IBA-1+ cell

density may suggest increased microgliosis, it is known that microglia and neurons



135

maintain an intimate relationship, which is more likely to be a response directly
associated with neuron survival (13, 14, 32), as an injured spinal cord parenchyma
with fewer neurons maintains fewer associated glial cells. Furthermore, in rats,
microgliosis tends to increase and peak 3 to 15 days after injury, slowly decreases up
to the first month and then stabilizes (143). Four months after injury, this response may
have ceased, and the role of microglia may have shifted to sustain neuronal function
rather than the injury response. Furthermore, in our microglial cell counts, we observed
an increase in the NB group compared to the N group, which may be directly
associated with the greater number of surviving neurons, which was previously
demonstrated in a specific manner with the tibialis cranial motor neuron pool. Notably,
the C group demonstrated greater IBA-1+ cell density with equal cell numbers, which
can be associated with more glial cell extensions and cellular interactions, probably
resulting in a more stable association between neurons and glia (144).

In the early periods after injury, diminishing astrogliosis and the microglial
response also play a role in maintaining synapse stability and function, which can be
associated with improvements in motor and sensory recovery (139). We did not
perform any analysis regarding synaptic preservation, but as a takeaway from the
literature, by reducing the glial reaction, the neuronal circuitry can be protected and
improved, and a reduction in gliosis can be related to a better preservation of
glutamatergic and GABAergic synapses (14, 68, 71, 115, 145). This interaction has
been previously reported for ventral root avulsion repair with HFB (118, 138) but is
associated with increased neuron survival, which can be attributed to the increase in
neuronal survival observed in the NB group. However, if glia remains chronically
activated, those cells can induce proinflammatory response resulting in further synaptic
uptake, tissue damage and even neurodegeneration.

The process of axon growth and remyelination is dictated by Schwann cells,
which envelop the axons, creating a myelin sheath from multiple concentric layers of
the cytoplasmic membrane (146). In our treated groups, immunolabeling of axons and
Schwann cells revealed structural changes, as NB exhibited greater values and was
closer to group C, while only NB differed from group D. These findings suggest an
improvement in overall nerve integrity recovery and myelination.

In addition to S100 proteins, brain-derived neurotrophic factor (BDNF) is
another fundamental endogenous regulator of the attenuation of motor neuron

degeneration, further axon myelination and reinnervation through the establishment of
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neuromuscular junctions during development and after peripheral nerve injury (147,
148). Studies have already demonstrated a positive association between HFB and the
expression of BDNF in nerves and muscles (62, 64, 66); moreover, this protein can be
secreted by macrophages recruited to the injury site (66), which are boosted after
nerve injury due to the immunogenic properties of HFB (107). Furthermore, both
proteins also contribute positively to the increase in the expression of intermediate
neurofilaments, the main proteins related to the control of axonal caliber and volume,
allowing the elongation of growing nerve fibers (61, 62, 64, 149).

We further emphasize in relation to NMJ ultrastructure that due to the presence
and organization of synaptic buttons and gutters, as well as the characteristics of the
presynaptic and postsynaptic membranes, group NB appears to be more similar to C
in opposition to N, which presented several unoccupied synaptic gutters with dense
junctional folds. This can suggest that HFB endorsed reinnervation and helped
reassembling healthier neuromuscular junctions. But, the lack of a more reliable and
quantifiable source of analysis for NMJs morphology and morphometry here
represents a limitation of this work.

Indeed, the treatment of spinal cord injuries with HFB has improved tissue
regeneration and motor function, although in different environments, the process of
axon regeneration and reinnervation has also been enhanced. Taken together, the
results observed here, in addition to the studies and experience of HFB for other
nervous tissue injuries, we suggest that HFB in peripheral nerve repair, a part of its
muscle-nerve benefits, exhibits further potential for preserving the spinal cord
microenvironment. This preservation increases neuronal survival, which may
contribute to better reinnervation and the maintenance of muscle and neuromuscular

junctions.
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Conclusao

Nossos resultados destacam os efeitos benéficos tardios do BHF na reparacéo
da lesdo e asseguram seu potencial para superar os efeitos de regeneracao
alcancados pela neurorrafia sozinha, endossando o BHF como um bioproduto
promissor para ensaios clinicos.

De fato, aos 120 dias, o BHF demonstrou uma boa capacidade para prevenir e
manter um microambiente menos degenerado e impactado em todo o eixo da
interacdo neuromuscular em comparacao a neurorrafia.

Em relacdo ao ambiente do sistema nervoso central, sugerimos que o BHF
apresenta potencial para melhorar a preservacdo dos neurdnios motores e sua
subsequente regeneracdo. Aos 120 dias, ha reducdo da morte neuronal e microgliose
cronica, além da atenuacdo da desorganizacdo neuronal e uma integridade nervosa
mais proxima do grupo controle, em comparacao a neurorrafia isolada. A associacao
ao BHF beneficia o microambiente medular.

Em relacdo ao ambiente do sistema nervoso periférico, apos 120 dias de
reconstrucdo, o BHF associado a neurorrafia preveniu a fibrose e a atrofia muscular.
Isso possivelmente aconteceu devido ao aumento substancial nos axonios
regenerados no grupo NB e sua posterior reinervacao.

Tomados em conjuntos, esses resultados contribuem para uma melhor
preservacao e restauracdo nervosa, manutencdo da funcdo e saude muscular como
um todo.
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:: UNIVERSIDADE ESTADUAL PAULISTA

¢ “JULIO DE MESQUITA FILHO"

h Campus de Botucatu waeBa de EBa 1 LUe0 08 A

s Criada pats ds Purtaris SN
AO611 e13/12/2082

Oficio n® 026/2022 - CEUA - FMB/UNESP Botucatu, 27 de setembro de 2022,

Prezada Senhor,

Em atendimento ao documento enviado em 28 de jutho de 2022, solicitando a inclusdo do Subprojeto
referentes ao Proeto de Pesquisa “Blopolimero hetaerélogo de fibrina associado a secretoma de células-tronco
mesenquimals na reconstrucio nervosa experimental: Aspectos morfofuncionals @ moleculares da intera-
¢30 neuromuscular” (Protocolo CEUA 1402/2021), essa comissio consdera a solicitacdo APROVADA, Reltera-
mos que a aprovacdo da solotacio pela CEUA ndo prevé a inclusio de nenhum animal adiconal aos j4 solcitados no

projeto de pesquisa 1402/2021.

Subprojeto
“Implicagtes da reconstrugio nervosa expenmental associada 8o biopolimero veterdlogo de fibrina no sistema nervoso
central e periférica”,

Aluno
Kevin Siiva Muller

Atenciosamenta,

Profa. Associada. Bertha Furfan Polegato
Presidecte da Comissio de Etica no Uso ds Animais
Faculcade de Medicina de Botucatu - UNESP

Hlustrissima Senhora
Profa. Associada Selma Maria Michelin Matheus
Instituto de Biociéncias - Unesp Botucatu

Comissdo de Etica no Uso de Animais - CEUA . il

Distro Rukdo Jonior, SN - Boco ¥ (UNIPEX)- Botucaty - 5P CEP: l“}l#’o
Fone: (14} J880-1880 WhatsApp: {14) 3880-1850
Email Secretariaicesa, fmbBunesp.br ou m
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Tabela 1. Relacao dos anticorpos utilizados para o desenvolvimento deste trabalho frente a todas as

técnicas de imunomarcacdo. IHC — Imunohistoquimica; IF — Imunofluorescéncia e WB — Western

Blotting.

Proteina Anticorpo Fabricante e Codigo Concentracéo
FluoroGold Anti-Fluorogold Chemicon / #MAB153 1:10000 (IHC)
NF-200 Anti-NF200 Sigma / #N5389 1:1000 (IF)
S100 Anti-S100 Abcam / #ab4066 1:1000 (IF)
Vglut-1 Vglutl Chemicon / #MAB5502 1:4000 (IF)
nAChRa-1 AChRa1 Santa Cruz / #sc-136130 1:1000 (WB)
nAChRYy AChRYy Santa Cruz / #sc-13998 1:1000 (WB)
nAChRe AChRe Santa Cruz / #sc-13999 1:1000 (WB)

Musk Musk Biosscience / #bs-6473R 1:1000 (WB)
Rapsina Rapsyn Abcam / #ab-156002 1:1000 (WB)
Agrina Anti-Agrin Abcam / #ab233515 1:1000 (WB)
LRP4 Anti-LRP4 Abcam / #ab174637 1:1000 (WB)

Rabbit I9G HRP

Mouse IgG HRP

Mouse IgG

GAPDH

Anti-Rabbit IgG HRP
Anti-Mouse IgG HRP

Anti-Mouse IgG
AlexaFluor488

GAPDH (14C10)

Santa Cruz / #sc-2005
Abcam / #ab6728

Abcam / #ab150113

Cell Signaling / #2118

1:200 (IHC) / 1:5000 (WB)
1: 10000 (WB)

1:1000 (IF)

1:10000 (WB)



